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ABSTRACT

Serrodyning operation is employed by the velocity deception ECM jammer to
counter those radars utilizing a target’s doppler shift information. The jammer will fre-
quency translate an incoming signal by a desired amount and at a specified rate during
retransmission. If the radar follows the ECM signal, it is left without a target in its ve-
locity gate when the ECM signal is turned off. The operation can be accomplished by
either a TWT (Travelling Wave Tube) or a DPS (Digital Phase Shifter).

The purpose of this research is to determine the properties of the spectrum of a
sinusoidal signal which is phase modulated with a staircase waveform. The investi-
gations include the study of the qualities of the output spectrum and the characteristics
of the operation, e.g., number of steps (phase resolution), phase accuracy, switching
speed. translation loss and suppression ratio. Results are verified by simulations as well

as by measurements.

The translation frequency, which is constrained by the switching speed of the device,
affects the serrodyning performance the most. At higher translation frequencies, bits
associated with small phase resolution do not contribute significantly to the suppression
effect. The carrier frequency and input power have been found to have minimal effect
on the serrodyning performance. Since the bandwidth of a radar’s doppler filter is nar-
row, near side frequencies are less desirable in terms of degrading serrodyning effective-
ness than those distant unwanted harmonic side frequencies, which may be of higher
amplitude. The suppression ratio with reference to the nearest undesired side frequency
1s, in general, more than 25 dB. The original carrier residue has also been suppressed
by at least 25 dB.

A DPS is better than a TWT in implementing serrodyning in terms of spectral pu-

rity, finite flvback, ease of implementation and controllability, .. *7"¢77 "7 For ‘
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I. INTRODUCTION

A. BACKGROUND

Some radars use the doppler shift of a target echo to track the target. The ECM
technique used against such radars is known as velocity deception. It is implemented
by receiving the radar signal at the target and then retransmitting it with a frequency
that is slowly shifted. If the radar follows the ECM signal, it is left without a target in
its velocity gate when the ECM signal is turned off. This technique is sometimes referred
to as serrodyning (sawtooth modulation in Latin [Ref. 1]) or Velocity Gate Pull-Off
(VGPO).

As shown in Figure la, with an input signal of 4 cos 2zfr being phase-modulated
by another ramp signal 6(1) of ftrequency [f,, the resultant signal will be
A cos 2n(f, + f,)r. Having this in mind, the concept of serrodyning can be illustrated as
in Figure Ib whereby a signal of frequency f is up-translated by a frequency of f;.
However, unless the translation is perfect, many undesired side frequencies will be
produced along with the desired main component. Alternatively, down-translation will
shift the output to (f, — f,)r .

Historically, the technique of serrodyning has been implemented employing an ana-
log method using a TWT (Travelling Wave Tube) to accomplish the necessary phase
modulation [Refs. 1,2]. The quality of the output signai spectrum depends upon the
characteristics of both the TWT and the sawtooth waveform signal generator. In gen-
eral, the undesired side frequencies can be suppressed by 20 dB or more relative to the
desired output signal.

Recent advances in microwave component technology have resulted in the develop-
ment of DPS (Digital Phase Shifter) which can also be used to obtain the same phase
modulation function [Refs. 3,4 and 5]. The quality of the output spectrum, in this case,
depends upon the number of steps (phase resolution), the phase accuracy and the

switching speed of the phase shifter.
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Figure 1. Serrodyning concept




B. PURPOSE

The purpose of this research is to determine the properties of the spectrum of a
sinusoidal signal which is phase modulated with a step waveform using a DPS. Three
approaches « ;e pursued:

1. Theoretical analysis,
2. Simulation using HP Signal Simulator System, and

3. Laboratory measurement of a signal which is phase modulated using a DPS.

The results obtained from these three approaches are then analyzed and compared.
This study provides definitive results on the relationship among spectral purity, switch-
ing speed. number of bits and the uniformity of step size of the staircase moduiating
waveform. Such information gathered is very useful in the design of velocity deception
ECM using microwave digital phase shifters.

As far as the implementation is concerned, one would like to use the minimum cir-
cuit complexity necessary, in terms of the ease in implementation and controllability, to
achieve the desired spectral purity.

C. REVIEW OF RELATED WORK/PAPERS

In Ref. 1. R.C. Cumming stated that when using a transit-time device, such as a
TWT or Klystron. serrodyning could produce power output “practically equal to the
capability of the same device operating as an ordinary amplifier”, with very little unde-
sired side frequency components (at least 20 dB suppression with respect to the main
component). He also pointed out that any other modulable transit-time devices (for
example, [errite phase shifter) could be used for serrodvning. In Ref. 2, he reported that
translation ranges from 0 to 60 MI1z had been accomplished with TWT serrodyning and
also provided a number of related design curves.

In Refs. 3 and 4. Rutz et al. and Jaffe et al. investigated the eflect of approximating

continuous sawtooth phase shift by a stepped phase shift in serrodyning. The specific




case of a 3-step approximation was also studied. G. Klein [Ref. 5] generalized the the-
ory of an N-bit latching ferrite phase shifter “DIGILATOR” and described the design
and testing of a 16-step, X-band device. Experiments showed that the performance of
the serrodyning was independent of the microwave carrier frequency over the design
frequency band and the suppression level of the carrier and the first side frequency was
found to be as much as 39 dB. '

Presently, some digital phase shifters still continue to be implemented by the

‘~bed-line type of selected length of lines, delay elements, or lumped-element low-pass
anu . u-pass filters. The switching can be carried out by the use of FET or PIN diodes
[Refs. 6,7,8,9]. Alternatively, a digital phase shifter may also be implemented by the
vector modulator approach [Refs. 10,11,12], during which two quadrature signals are
combined in a sine’cosine ratio of a desired phase angle to produce a signal of constant
amplitude with corresponding phase shift. The sine/cosine ratio can be controlled by a
digital attenuator.




II. SERRODYNING BY A DIGITAL PHASE SHIFTER

A. SERRODYNING IN GENERAL

Typical setups using a TWT and a DPS are depicted in Figure 2a and Figure 2b
respectively. For the technique utilizing a TWT, the frequency shift that is required for
the velocity deception is accomplished by phase modulating the received radar signal
with a sawtooth waveform. It can be shown that if the sawtooth amplitude is adjusted
to produce 2z radians of phase shift in 7,, seconds, the power can be completely shifted
to a [requency equal to the carrier frequency f; plus the sawtooth frequency f,. Digital
phase shifters can also be used to obtain the same phase modulation function.

INPUT

DIGITAL
PEUT M IASE
SIGHAL SFTER

<~

SAWI00TH Dsorere
GENERATOR SGuLs
/l/l/l/ I 25 tOR MULTELE! contRaL
VoLTAGE MODUWLE
—
T,
{a) By means of a TWT (b) By means of a DPS

Figure 2. Serrodyning by means of a TWT or a DPS

B. DIGITAL PHASE SHIFTER

1. General Features

Phase shifters are widely used in various EW equipment. The desired features

of a digital phase shifter are listed below:




A accurate phase change,

a rapid phase change (high switching specd),
A high phase resolution,

A broad operating frequency range,

A small value of insertion loss,

A consume low power for control signals,

A long operating life,

a small volume and low weight and

A low cost.
2. Types

There are many types of phase shifters, such as the waveguide phase shifter, the
coaxial phase shifter, etc. As far as the digital phase shifter is concerned, mainly two
types exist.

Ao Transmission Line Type
a Parallel-line Configuration (See Figure 3a)
& Series-line or Cascaded Configuration (See I'igure 3b)

4o RF Vector Modulation Type (Sce Figure 4)

) A'.(Illﬂ\ r l l l
LY : i,» @res ouTeuT re f;‘\L_MU - o - o et
. INPUT nive R rid /2
Lo 1@ 228 as® [ 10°
(a) 4-bit parallel-line configuration {b) 4-bit cascaded configuration

Figure 3. , DPS of transmission line type
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CONTROL
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RF INPUT cos o sin®
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—> RF OUTPUT
sin {wt + O)

é cos {(wt) ®

Figure 4. DPS of RF vector modulation type

The transmission line type simply switches a number of transmission lines of
different lengths to achieve the desired phase shift. Reflection, loaded line or high'low-
pass filter type may also be used to form phase shifts of various values. The RF vector
modulation type, on the other hand, splits the input signal into two quadrature compo-
nents with the 3-dB hybrid coupler. The two signals are individually modulated by the
sine and cosine values of the corresponding phase shift. Finally, the modulated signals
are added to give the phase-shifted output. '

3. Characteristics

In general, the characteristics of a digital phase shifter can be described as fol-
lows:
Ao Phase Resolution

The phase resolution is a very important paramcter in the overall syvstem
performance. For instance, in the application of the phased-array radar,




phase shifters of higher resolution can better resolve the direction of the
beam. In the serrodyne operation, it will determine the degree of perfection
in frequency translation. The phase resolution A6 depends on the number
of bits available and emploved. For a number B of bits, the phase resolution
is given by

_ 360°

40 ==

2-1

For example, if B =6, A8 will be 5.625%. With the fabrication tolerance, A0
should be around 5.6°.

Operating Frequency Range And Phase Accuracy

The phase accuracy is also a very important parameter. Generally speaking,
operating frequency range affects phase accuracy which is also dependent on
the component design as well as the manufacturing process.

o Transmission Line Type

A narrow band phase shifter has a narrow designed operating frequency
range. When it 1s used below this frequency, the phase shift accomplished
is less than the design value. Above this frequency, the value of phase
shift will be larger. A phase shifter with a wide operating frequency, on
the other hand, requires a linear phase-shift characteristic, a built-in
compensating network and a precise line length. In spite of these, phase
inaccuracy value is still very large especially at the designed band edges.

& RF Vector Modulation Type

In the absence of a transmission line, the phase accuracy depends mainly
on the operating characteristics of the 3-dB hybrid coupler. As a result,
this type of digital phase shifter can usually be made to operate over a
wider bandwidth with good phase accuracy.

Insertion Loss

Insertion loss is the reduction in input signal amplitude due to device char-
acteristics. The reduction can normally be compensated by an amplifier.
However, a larger value of insertion loss means a noiser system and uneven
insertion loss will introduce unwanted amplitude modulation during signal
processing.

Switching Speed

Switching speed depends on the device design and will dictate how large the
value of frequency translation can be.




111. THEORETICAL DERIVATION

A. MAJOR AREAS OF INTEREST

The static characteristics of a DPS and serrodyning using a DPS are of primary in-
terest here. The static characteristics of the DPS are studied using scattering parameters.

B. STATIC CHARACTERISTICS (SCATTERING PARAMETERS)

Each individual phase state of a digital phase shifter can be considered as a 2-port

network as modeled in Figure 5.

Figure 5. DPS as a 2-port network

Assuming that the network is symmetrical and reciprocal, the scattering parameters

(or S-parameters) for the digital phase shifter are

(S, S
S = i 12] (3 - l.a)
. [ S Sz
[0 7 1_1h)
: B _c_"’ 0 - '




al
0 1020 L—pl

= . 3-~1.0)
10720 L -1 0
where y = lnz(l)O o +jB, a is the loss in dB'm and g is the phase lag in rad'm.
The corresponding phase shift 8 is
0 =gl 3-2)

The insertion loss 1.L. and return loss R.L. are given by Eq. (3-3) and (3-4) respec-

tivelv,
LL.=-10 log,y! Sy 1? (3-3.a)
=ol (3 - 3.b)
R.L.=-10 log,! S 1% (-4

The input reflection coeflicient I',, is

512 SZ] l'-L

Pn=Su+T25 7

(3-3)
For a matched load, I, = S,, .

C. SERRODYNING EFFECT

As the purpose of serrodvning is to perform frequency translation, only the funda-
mental frequency output is desired; other harmonic components are undesired. The
performance of the translation can be described by the translation loss (T.L.) and the
suppression ratio (S.R.). The following show the results and the detailed derivations are
in Appendix A.

10




1. General Expression

Assume that a sinusoidal waveform v,(z) is being phase-modulated by a step
function 6(r) as given by

v(f) = A cos [w. + 6(7)) (3—7.a)
= A Re [ %' 0], (3-17b)
The phase 6(z) is a periodic positive rising ramp with frequency w,. The number

of steps N is given by 2%, where B is the number of bits being employed in serrodyning
operation. Thus v,(7) can be represented by

=4 ). Cx e+ cosw,+ Ko . (3-84)
K=-
> ( _”'" sin _7\{_
=4 K_Z_ mN + 1 % r coslwet Keop)t (3—8.b)
K=meN+1 :
m=integer

From Eq. (3-8.b), it is noted that the frequency of every non-zero component

is given by
S=f+Kf, (3-9.q)

=/ +(mN+ 1)f,. (3-19.b)

Examples of the values of C for various number of bits are given in Table 1.
The values of Cy for 400 upper and lower harmonic terms can be found in Appendix B.

2. Expression For The Harmonic Spectral Components
The average power P, of an unserrodyned signal is given by Eq. (3-10). In the

case of a serrodyne signal v,(r), the expression for average power Py for corresponding
K terms is given by Eq. (3-11).

11




Table 1. C CONSTANT FOR I- TO 10-BIT

K 1-bit | 2-bit | 3-bit | 4-bit | 5-bit | 6-bit 7-bit 8-bit 9-bit 10-bit
-14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0

-13 0.049 0.0 0.0 0.0 0.0 0.0 00 on 0.0 0.0

-12 0.0 0.0 0.0 0.0 0.0 0.0 no 0.0 0.0 0.0

-11 -.038% 0.032 0.0 0.0 0.0 0.9 0.0 0.0 no 0.0

-10 0.0 0.0 Q.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0

-9 0.9°1 00 0.0 00 0.0 0.0 0.0 0.n 2.0 0.0

-8 0.0 0.0 o.r 0.0 0.0 0.0 0.0 0.0 0.0 9.0

B -0 -129 0.139 09 0.0 0.0 0.0 0.0 0.0 0.0

-6 0.n 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 n.o
- 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0
-4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
-3 -.212 0.300 .0 0.0 0.0 0.0 0.0 00 n.o 0.9
-2 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

-1 0.43° 0.0 0.0 0.0 o 0.0 0.0 00 0.0 0.9
0 0.0 o.0 0.0 0.0 0.0 0.0 n.o 0.0 0.0 0.0

i 0.€37 0.900 0,978 0.7%4 0.998 0.9706 0.9999 0.9799° 0.909%9 1.00910
2 0.0 0.0 0.0 0.0 0.9 0.0 n.0 0.0 0.0 0.0
3 <212 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.12° - 180 0.0 0.0 0.0 0.0 0.n 0.0 0.0 0.0
6 0.0 n.o 0.0 0.0 0.0 0.0 0.0 n.0 0. 0.0

1 -0 0.n 0.0 0.0 oy 0.0 0.0 0.0 0.0 0.0

3 0.0 0.0 0.0 0.0 0.0 0.0 o.n 0.0 0.0 0.0

ki 0.071 0.1 -.1n% 0.0 0.0 0.n 0.0 0.0 0.0 0.0

in 0.0 0.0 0.0 0.n (] 0.0 0.0 0.0 a.e 0.9

1 - M58 on 0.0 0.0 0.0 n.0o 0.0 0.0 0.0 0.0

12 0.0 0.0 0o 0.0 0.0 no 0.0 0.0 0.0 0.0

13 0.039 -9 LAY 0.0 nn 00 0.0 0.0 0.0 0.0

13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 an 0.0

s -M142 (3] 0.0 DRi] 0.0 0.0 0.0 0.0 Q.0 0.0

12
Py=--. (3 - 10)
2
Po=Ch4- 3-11)
K~ “K 2 (

Spectral amplitude with respect to the unserrodyned signal is given by

, Pk

=20log |Ckl.

(3—-12.q)

3-12.q)

The spectral plots for 1- to 5-bit and 6- to 10-bit arc in Figure 6 and Figure 7

respectively.
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(a) 3-bit serrodyning
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(a) 4-bit serrodyning
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(a) 5-bit serrodyning

Figure 6. One-sided spectral plots for 1-bit to 5-bit serrodyning
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Figure 7. One-sided spectral plots for 6-bit to 10-bit serrodyning
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The theoretical spectral plot consists of series of zero frequency linewidth com-
ponents with the main component located at f, + f; Hz.

Examples of values for P, for various number of bits are provided in Table 2.

The values of P,, for 400 upper and lower harmonic terms can be found in
Appendix C.

Table 2. P CONSTANTS FOR 1- TO 10-BIT: In dB ratio.

K | I-bit | 2-bit | 3-bit | 4-bit | 5-bit | 6-bit 7-bit 8-bit 9-bit 10-bit
<13 e - - o - ¢ - x -~ — 0 - 00 — oC = c0
-13 -26.2 — on — o - o — o - oc —on - 30 - oo - o
.12 - - x - — oo - — < -~ o - oc - % - o
<11 -24.8 2217 — - 2¢ — 50 — o — o — oo - 5 - ¢
30 - ~ — oo - < - - o - oc - o — oo - ¢
-9 2230 - - - - > - ¢ - ¢ — o —on -
-8 - - - > - 20 — o - 5 - oc - 5¢ — o - o¢
- R -17.8 -17.1 - — ¢ - > - 56 — 20 - o - oc
6 - ¢ - x - > - o - — o - - oc - o -
£ 100 - > - - oe - o - o> - ac -0 - o0 - ¢
4 - o - > - oc - - > - - o - 2¢ - ac - oc
3 13.5 -10.5 — > - > - 5¢ - oc ) - an —on - o0
2 - - - o - = - e - ¢ — o - o2 ~ o - e
] -3.82 - > - - e - x — o — o - ac - o — o
4 - — - —- o - ¢ - o - oc - o - 20 — o
1 2362 -0.212 -0.224 -0.0550 -0.0130 -0.00349 -0.000872 -0.000213 -0.0000845 -0.0000136
2 - — x - > - oc - ¢ =~ - oc — oc - o¢ )
3 <13.5 - — o — - x — o - oc -~ o0 -2 -
< - - = - - - - o - 5C — oc - - o
3 -T2 <149 ~ o - - e - oc - 3¢ - o — o - ac
£ - - x - - = - - - - ) - o
B S2nd - - — - x — e - - - - o
3 - - - > - > - - - e - = - o - o¢
9 -23.0 -0 -19.3 - o — o - — e - oc ~ 50 — o
in - - - — - = - - 0 - - -
1 -23.8 - - > ~ o - o =~ o - ¢ - — o - or
12 — - - - - - = — o — ¢ o - oc
iz S22 2232 - — 5 - oo - o ) - o - 3¢ )
14 - - - - - x - - o< - o - 50 -
15 274 - - - > - - o - 20 — a0 - > -~ e

3. Relative Amplitudes Of The Harmonic Components

It is essential to know the relative magnitude of each harmonic component. The
fundamental component P, alwayvs has the largest magnitude. As for the harmonic
components, the first lower harmonic P_,._, is larger than the first upper harmonic P,_,.

This can be shown by evaluating the ratio of P_._, to P,_,, which is given by

—
7




P_n4 N+1
=(N—l)' (3-13)

The ratio is always greater than 1 and approaches 1 as N gets larger.
4. Expression For Translation Loss (T.L.)

The translation loss of the serrodvning operation is defined as the power ratio
of the unserrodyned signal over the fundamental component of the serrodyne signal
[Ref. 1). 1t describes the power loss of a signal due to the application of serrodyning
effect. Figure 8 illustrates the definition of translation loss.

"

L K
0

(a) Unserrodyned output signal

'Ipmotu. = Pq

14 K
o1 .
) ideal serrodyne output signal
p1
p-."" p-"” T PN.‘ P ENS Y
A , i\  SRICI.
-2N+1 —N+1 o1 N+1 2N+1
(¢} Actual serrodyne output signal

N = 2°
TL. = 10 log (P,/ P,)

SR. = 10 log (P,/ P_,.,)

Figure 8. Definition of translation loss and suppression ratio




For a serrodyne signal, the expression for v,(z) and the average power of K = 1
component P, are given by Eq. (3-14) and (3-135) respectively. The translation loss can
then be given by Eq. (3-16).

sin %
(1) = —5— A4 cos{w, + Kwp,)t. (3-14)
N
. i 2
sin =~ 2
Al
P1=< = ) ’42 . (3-15)
N
Py
T.L.=10log —— (3 —16.a)
P
N
=20 log< N ) (3 —16.6)
sm —\—

Figure 9 shows the plot of the theoretical translation loss (with the suppression
ratio superimposed) versus the number of bits emploved. Theoretically, T.L. only de-
pends on the number of bits emploved. The T.L. reduces very rapidly as the number
of bits increases and exhibits the eflect of diminishing marginal return as more bits are
used. The T.L. is about 3.92 dB when 1 bit is used and reduces to near to 0 dB when 4

or more bits are used.

5. Expression For Suppression Ratio (S.R.)

The suppression ratio of the serrodyvne signal is defined as the power ratio of the
fundamental component over the first lower harmonic component. Figurc § also ex-
plains the definition of suppression ratio. It is used to describe how well the serrodyning
operation has suppressed the undesired harmonic components [Ref. 1]. In this case, the
first lower harmonic component has the highest amplitude among all undesired compo-

nents.
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Figure 9. Theoretical plot for translation loss and suppression ratio

For a serrodyne signal v,(r), the harmonic component with the highest amplitude

is given by K= — N+ 1 term. The expression for v_y,,(r) and the average power P_y.,
are given by Eq. (3-17) and (3-18) respectively. The suppression ratio can then be de-

rived as in Eq. (3-19).

- sin-—’{.—
Va0 = Syon Ll A cos(w, + Kot
v
i o\ 2
po =t Ny
AT N+ B 2
N

p
S.R.=10log P I
~A+1

=21og (N - 1).

3-17)

(3—18)

(3—-19.q)

(3 — 19.5)




Figure 9 also shows the plot of the theoretical suppression ratio (with the
translation loss superimposed) against the number of bits emploved. Theoretically, S.R.
also only depends on the number of bits emploved. The S.R. increases as the number
of bits increases and also exhibits the effect of diminishing marginal return as more bits
are used. The S.R. is 0 dB when 1 bit 1s used and is about 23.5 dB when 4 bits are used.
However, when 10 bits are used, the S.R. can be as much as 60.2 dB.

6. Down-translation

In the derivations, up-translation is assumed. Nevertheless, theoretically,
down-translation is expected to have the same serrodyning performance as the up-
translation case except for the corresponding downwards frequency shift.

D. SUMMARY

= Spectral Plots in General

When up-translation is performed, the main component is located at f; + f; Hz.
The lower side frequency has higher magnitude than the corresponding upper
side frequency. The theoretical undesired side frequency of the highest ampli-
tude is located at a multiple (2%) of translation frequency away from the desired
main component. Therefore, the frequency spacing between adjacent side fre-
quencies doubles as the number of bits emploved increases. The frequency
linewidth of the serrodvne waveform does not increase with respect to the fre-
quency linewidth of the incoming signal.

« Down-translation

Down-translation has the same serrodvning performance as the up-translation
case except for the corresponding downwards frequency shift.

= Relative Importance of Translation Loss and Suppression Ratio
S.R. is more critical in serrodyning operation than T.L. since the latter can be

compensated by an external amplification. Twenty dB of S.R. is considered
sufficient in a general serrodyvning opereation [Ref. 13].

« Effect of Number of Bits on Translation Loss and Suppression Ratio
Theoretically, T.L. and S.R. only depend on the number of bits emploved. T.L.

reduces very rapidly as the number of bits increases. At the same time, S.R.
improves. Both the T.L. and the S.R. exhibit the eflect of diminishing marginal
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return as more bits are used. The T.L. is close to O dB when 4 or more bits are
used. As for the S.R., it is about 23.5 dB when 4 bits are used. However, when
10 bits are used, the S.R. can be as much as 60.2 dB.
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1V. SIMULATION FOR SERRODYNING EFFECT

A. EQUIPMENT IN GENERAL

Figure 10 shows the simulation setup used to veri(v the serrodyning effect of a DPS.
The HP8770S Signal Simulator System [Refs. 14,15,16] comprises an HP8770A Arbi-
trary Waveform Synthesizer (HP AWS) and the 1HP11776A Waveform Generation
Language Software running on a HHP9000 series 200,300 computer. The system is ca-
pable of generating a complex baseband waveform with frequency from dc to 50 MHz
in either the frequency or time domain. In addition. the baseband signal can also be
upconverted to a higher frequency band. The spectrum of the output signal can then
be studied using a Spectrum Analyzer.

AWS SPECTRUM
1 ANALYZER
HPB770A | gasesarD
SIGNAL
OUTPUT
HPIB
HP9OO0O0 bf—
COMPUTER —+—
PLOTTER

Figure 10. Simulation setup using HP Signal Simulator System

The required waveform is generated in the computer and then downloaded to the
synthesizer as digital information. The digital synthesizer has a capability of 12-bit re-
solution (72 dB dynamic range), a 512 kbvte high speed memory and a 125 Mllz (sam-

ples per sccond) clock. A DDAC output stage is uscd to generate the signal. The RF
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power output is more than 0 dBm. Figure 11 shows an example of the scrrodvne

wavelorm generated by the system software.

—
—

—_—
f———

Quas s M——
——— |

Js}vvt) RRRR

HIbiUUR [
1.02400

5}

Figure 11. Example of a serrodyne waveform (by screen dump)

B. SIMULATION APPROACH

For verification purposes, a baseband phase-modulated waveform is generated using
a simple utility program (reproduced in Appendix D) written in Waveform Generation
Language (WGL) [Rel. 17}. Since the waveform generation is periodic, the sinusoid
must complete one or more additional complete cycle transitions in T,, seconds. Due to
the limitation of the equipment clock frequency as well as the memory available, the
carrier and translation frequency are bounded within a relatively small range of values.

Table 3 presents one of the many test combinations used.

22




Table 3. SIMULATION COMBINATIONS

Category

Values

Carrier frequency

19.424 M1z

Translation frequency

0.064 MIlz

Translated frequency

19.4388 Mllz

Bit

1to 10
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(c) 2-Bit serrodyne (d) 8-Bit serrodyne

Figure 12.

and 8-bit
serrodyne: The frequency span used in (d) is 50 MHz instead of 4
M1iz as in (a) to (c).

Spectral plots for unserrodyned and 1-bit, 2-bit
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C. SIMULATION RESULTS

Figure 12a to Figure 12d are the spectral plots {or the unserrodyned, as well as the
1-bit, 2-bit and 8-bit serrodyne cases. Other spectral plots are given in Appendix D.

The noise floor was not raised noticeably due to serrodyning operation. However,
since the difference between the noise floor and the peak carrier power is only about 50
dB in our case, the S.R. cannot be measured for B> 9 bits. The linewidth gets only

marginally broader in this case.

Figure 13 is the plot of the translation loss and suppression ratio measured under

this simulated condition (thcoretical T.L. and S.R. are also superimposed here for com-

parison purpose).

SIMULATED DYNAMIC BEHAVIOR

5 3 70
@ 4?: Lso e
& LEGEND g =
" 51y o_.Iranslation Loss o
Q3 .S.. Suppression Ratio £
= el N e [40 3
Zz 2 e o=
S et ° 30 S
S e a
— .’,.o" E
% 7 o - 20 &
A I fin=19.424MHz, {T=0.064MHz | S
E s a 10 23

o ..a" . ",?.,;-"-n - » : y o

1 2 3 4 5 8 7 8
NUMBER OF BITS EMPLOYED

Figure 13. Plot for translation loss and suppression ratio by simulation
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The results obtained under simulation correlate very well with the theoretical values.
However, the suppression ratio is lower than the respective theoretical result. For ex-
ample, the S.R. is 32.4 dB in this case compared to 36.0 dB theoretically. As for the
translation loss, it is higher at lower number of bits as compared with the theoretical
result.

D. SUMDMIARY
« The spectral plots are the same as the theoretical ones.
» The noise floor was not raised noticeably due to the serrodyning operation.
= The linewidth gets only marginally broader in the simulated case.

s The results obtained under simulation correlate rather well with the theoretical
values. However, the suppression ratio is slightly less than the theoretical value.

[
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V. LABORATORY MEASUREMENT

A. GENERAL INFORMATION
1. Technical Details Of The Digital Phase Shifter Used

A Qual — Tech! 6-bit digital phase shifter has been used to validate the formulae
and the simulation results. The essential technical data for this component are shown
in Table 4 [Ref. 18]. Its internal implementation is of a cascaded configuration with
pin diodes and delay elements (see Figure 14).

Table 4. TECHNICAL DATA OF THE DPS

Part Number DP-6021

Description Digital Diode Phase Shifter
Frequency range 10.0 to 10.5 GHz (maximum)
Number of bits 1to 6

Least Significant Bit 5.62

Phase accuracy + 3?2 (typ) . 82 (max)
Insertion loss 8.5 dB (maximum)

V.S.W.R. 1.8 : 1 (maximum)

Switching speed 2 us

Control logic TTL

L

Types Of Measurement

Two types of measurement have been carried out. They are:
a Static characteristics (Scattering-parameter measurement) and

A Serrodyning effect.

I Trade Mark of Quality Technology.
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Figure 14. Cascaded configuration

3. Experiment Setup

The experimental setup for both static characteristics and serrodyning eflect
measurements are shown in Figure 15a and Figure 15b respectively.

[contmroL  uniT |

[controL it |
DISCRETE

oiscrRete ’ CONTROL BIGNAL
CONTROL BIGNAL
'II 'l-‘ "

INPUT ouTeuT DIGITAL PHASE SIHIFTER
DIGITAL PHASE SHIFTER | ‘]
RF SIGNAL SPECTRUM
GENERATOR ANALYZER
NETWORK  ANALYZER

(a) Static characteristics (S-parameters) (b) Serrodyning effect

Figure 15. Setup for measurements

A control circuit with the following features has been fabricated (for details, see
Appendix D):

A a switch to control whether static characteristics or serrodyning eflects are
to be measured,;

a a switch to sclect up- or down- translation;
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a a 6-bit binary counter to generate TTL control logic signals to drive the
digital phase shifter;

A a 6-bit switch to enable disable a particular phase bit; and

a4 a switch to reset all bits.

B. STATIC CHARACTERISTICS (SCATTERING PARAMETERS)
1. Equipment Description And Results

The S-parameters can be obtained using the HP Vector Network Analyzer
(HP8409B 0.11-18 GHz) while controlling the individual discrete phase shifts. An
HP11866A APC-7 Calibration Kit is used to calibrate the system before as well as after
the S-parameter measurements. An 8-term error model is used.

The §,, and §,, parameters for each of the 64 phase states have been measured.
For example, Figure 16 lists the printout of the measurement for the phase state 11.25°
and Figure 17a to Figure 17d show the corresponding plots.

2. Linearity In Phase Shift Characteristics

Based on the plot of §,-DEG shown in Figure 17c, it is observed that the phase
shift characteristic of the component is fairly linear.

3. Return Loss

Since the maximum VSWR of this digital phase shifter is specified to be less
than or equal to 1.8:1, the reflection coefficient can be calculated as follows:

_VSHR-1 <
Tl =Tsmr+1 (5-1la)
< 0.2857. (5—Lb)
For a matched load, the return loss will be :
R.L.=—10log,lS,,1° (5 - 2.a)




DRE-111101711.25>
FREQUEMTY  FETURH LOSS-IN LOSE-FORMARD
. %11 521
MHz DE ANG IE RHG
2500, GO0 12,26 151.5 2,03 54,4
’ 2558, 9BaY 12.18 134,90 2,30 0.1
BEOH, DOOH 12,192 112,22 I | 7.3
G850, QD00 12.54 24,3 .39 ~16,32
ATHO, Q00D 12.24 T8 .60 ~39,82
ATEA, QOo0 2.Te SzuE g.60 -~62.0
LEOA, A0 12,12 6. 2,592 ~26.@
2SS0, AAN0 EPR L= 15.5 2,80 -102,2
2200, A0H0 14.14 -4.2 .66 120, 4
2950, AOID 14.54  -I1.5 .70 -154.4
19000, GO0 15. 1% 2 2.75 -177.1
10050, 0000 16,57 s 5,65 159,32
16166, G000 17.e0 4 @.7THT 135,32
10159, oo 12,76 2 2,65 112.5
10209, 0000 23,14 2 2,54 29,1
10250, 0000 24,52 T 8,55 €9.5
10280, 9000 23,63 T ©.45 S0.3
19350, goog 21, 4% 2 2.4 12,1
10460, Q000 12,272 & .25  -€.4
10450, Go000 17.24 4 .30 -20, 2
18590, 9000 16,54 & 2.25% -%9%5.8
1assa, aeaq 15,81 -71.¢2 .75 -7e.7
. 106030, QU0 15,33 -32.4 .45 -103, 2
10568, 03013 15.67 22.7 e.50 -127.7
18700, Q0Eo0 15,48 -145.0 2.ET -152.4
108750, Goa0 5,66 2,9 2,85 ~176.4
i 10263, 0000 16, 44 = 2.9 152.7
10250, OO0 16,54 2, a,04 123,89
10200, aap0 17.59 z.3 .35 (10,2
10350, 0A00 12,67 91,4 R.3% BELE
110650, a0 12,78 EE.T a,64 €20
Figure 16. Printout for the S-parameter measurement: Phase state of 11.259.
=— 10log,IT|? (5-2.b)
= +10.9 dB. (5—2.0)
From the plot of S,,-dB shown in Figure 17b, the reflection loss has been found

to be at least 12 dB, which is better than the manufacturer’s specification.
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Figure 17.

Plots for S-parameter measurement:

state 11.259,

4. Insertion Loss

Furthermore, to study the characteristics of the device at 10.25 Gllz (mid-
frequency of the device operating range), the respective insertion loss and the relative

phase (AAng) of each phase state at this frequency respectively are plotted as

S, and S, plots for the phase

Figure 18a and Figure 18b (details are tabulated in Appendix E).
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Figure 18. Insertion loss and relative phase shift: At carrier frequency of 10.25
GHza.

Insertion loss has been found to be about 7.64 dB, which is the averaged S,(dB)
value for the frequency of 10.25 GHz. This value is better than the 8.5 dB specified by

the manufacturer. Generally, uneven insertion loss with respect to individual phase state
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in the static characteristics study (from Figure 18a) indicates the presence of an inherent
undesired amplitude modulation effect during serrodyning operation.

C. SERRODYNING EFFECT

1. Combinations Of Parameters Used In Measurements

Table S lists the combinations of the various parameters used for the measure-
ment.

Table 5. COMBINATIONS OF PARAMETERS USED IN MEASUREMENT

Carrier frequency. /.. (GHz) 9.5, 10.0. 10.25, 10.5. 11.0

Input power. P, (dBm) -40, -30, -20, -10. 0

Translation frequency, f; (kHz) -10, 0, 2, 4, 6, 8, 10. 20. 40, 80, 160
Number B of bits 0,1,2 3,4, 5and 6

2. DMeasurements

1) Basic Serrodvning EfTect

Based on the parameters given in Table 5, the following base set has been
chosen for comparison purpose:

¢ Number Bofbits = 1,2,3,4,5and 6

e Carrier frequency, f, = 10.25 GHz (mid-frequency of the device operating
range)

¢ Input power, P, = -10 dBm (measured at the output of the signal gener-
ator)

¢ Translation frequency, f; = +10 kliz

The spectral plots for the 1-bit to 6-bit cascs are shown in Figure 19a to
Figure 19f respectively. The experimental data for the measurements are
shown in Appendix E. The linewidth gets broader marginally in the actual
measurement. The noise floor is also raised substantially due to serrodyning
operation.
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Figure 19.

Spectral plots for 1-bit to 6-bit serrodyne operation:

The top and bot-

tom traces are the spectrums of the serrodyne and unserrodyned signals
respectivelv.  The unserrodvned spectrum is obtained by resctting all
the control bits to inactive states (1.c., 'I's in this case). The frequency
span is doubled consecutively from (a) to () so that each spectrum can
contain at least four undesired side frequencies.




The corresponding plots for T.L. and S.R. are shown in Figure 20. Similar
to the theoretical results. the translation loss reduces as the number of bits

increases; correspondingly, the suppression ratio improves.

However, in this case, the S.R. is not as good as those predicted theore-
tically. Though the S.R. is about 20.3 dB (23.5 dB theoretically and 23.4 dB
bv simulation) when 4 bits are used, it is saturated to about 22.1 dB (36.0 dB
theoretically and 32.4 dB by simulation) when 6 bits are used.

The T.L. is lower than both the corresponding theoretical and simulated ones
and even becomes negative for 3 or more bits. It is possible that the T.L.
becomes negative during serrodyning operation because an unserrodyned
signal is obtained by resetting all the phase bits to in-active states (corre-
sponding to 0° state). The insertion loss at 07 state is 8.75 dB while the av-
erage insertion loss is 7.64 dB.
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2) Others

The following effects have also been studied:

¢ Eflect of down-translation frequency on T.L. and S.R. (See Figure 21).

It is important to ascertain that both up- or down-translation will have

the same serrodyning performance.

From Figure 21, down-translation

produces a signal of the corresponding down-shift with essentially the

same amount of T.L. and S.R..
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Figure 21.

Effect of down-translation frequency on T.L. and S.R.




¢ Effect of translation frequency on T.L. and S.R. (See Figure 22)

It can be seen that when the translation frequency is larger than 10 kHz,
the suppression ratio will not be better than 25 dB. In order to have a
suppression ratio of at least 20 dB, the translation frequency must be less
than 20 kHz. At a larger value of translation frequency, only a small
number of bits can be used due to the constraint of switching speed.
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Effect of translation frequency on T.L. and S.R.
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o

o Effect of carrier frequency on T.L. and S.R. (See Figure 23)

The carrier frequency has minimal eflect on both the suppression ratio
and the translation loss within the device operating frequency range.
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Figure 23. Effect of carrier frequency on T.L. and S.R.
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e Effect of carrier input power on T.L. and S.R. (See Figure 24)

The carrier input power has minimal effect on the suppression ratio and
the translation loss.

MEASURED DYNAMIC BEHAVIOR
EFFECT OF CARRIER INPUT POWER
ON TRANSLATION LOSS

TRANSLATION LOSS in dB
)
P
.

& B [
fin=10.25Gliz, f1=10kliz
S v

~40.0 -30.0 -200 —13‘0 0.0
CARRIER INPUT POWER in dBm

(a) Translation loss

MEASURFED DYNAMIC BEHAVIOR
EFFECT OF CARRIER INPUT POWER

ON SUPIPRESSION RATIO
40

35

J0-

SUPPRESSION RATIO in dB
@

{in=10.25GHz. {T=10kilz
T A

-40.0 -30 ~-200 —|5,0 00
CARRIER INPUT POWER in dBin

(b) Suppression ratio
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D. SUMNMARY
« Static Characteristics
a The phase shift characteristic of the component is fairly linear.

4 Both the insertion loss and the return loss have passed the manufacturer’s
specification.

= Serrodyning Effect
a The spectral plots are similar to the theoretical ones.

4 The linewidth of the serrodvne waveform does not increase appreciably with
respect to the linewidth of the incoming signal.

a The noise floor is also raised substantially due to serrodyning operation.

Ao The performance results follow the trends predicted theoretically and under
simulation. However, the suppression capability is not as good.

a4 Up- or down-translation will produce a signal of the corresponding frequency
shift with essentially the same amount of T.L. and S.R..

a The translation frequency affects the serrodvning performance the most. At
higher translation frequencies, bits associated with small phase resolution do
not contribute significantly to the suppression effect.

A The carrier frequency and input power have been found to have minimal ef-
fect on the serrodyvning performance.




VI. DISCUSSION

A. STUDY OF THE RESULTS GATHERED

ll

Static Characteristics

Ao Phase Linearity

The phase shift characteristic of the component is fairly linear.

Insertion Loss

Insertion loss (averaged S,-dB value for the frequency of 10.25 GHz) is
about 7.64 dB, which is better than the 8.5 dB specified by the manufacturer.
Alternatively, when 0-bit is emploved (zero translation frequency) in the
study of the serrodyning effect, the monochromatic output (unserrodyned
output) will also indicate the average insertion loss of the device. Generally,
uneven insertion loss with respect to individual phase state in the static
characteristics study (from Figure 18a) indicates the presence of an inherent
undesired amplitude modulation effect during serrodyning operation.

Reflection Loss

Since the maximum VSWR of this DPS is 1.8:1, the return loss must be at
least 10.9 dB. The experimental reflection loss is found to be better than 12
dB.

2. Serrodyning Effect

a Spectral Plots in General

In serrodyning. the theoretical spectral plot consists of a series of zero fre-
quency linewidth components with the main component located at f, + f; Hz.
The linewidth gets marginallv broader with respect to the linewidth of the
incoming signal in the simulated case and more so in the actual measure-
ment.

Effect of Number of Bits on Translation Loss and Suppression Ratio

The phase resolution depends on the number of bits available and emploved.
Figure 23a and Figure 23b are plots describing the comparison of theore-
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tical, simulated and experimental T.L. and the S.R., respectively, against
various number of bits employed.
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Figure 25. Comparison of translation loss and suppression ratio: Theoretical,
simulation and experimental results.

Theoretical results show that the T.L. reduces very rapidly as the number
of bits increases. At the same time, the S.R. improves. Both the T.L. and
the S.R. exhibit the effect of diminishing marginal return as more bits are
used.
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The trends are followed by the results obtained under simulation. It is also
noted that the S.R. is lower than the respective theoretical result. As for the
T.L., it is higher at lower number of bits as compared with the theoretical
result. Nonetheless, as the difference between the noise floor and the peak
carrier power is only about 50 dB in our case. This difference cannot be
distinguished for B greater than 9 bits.

The experimental results (characteristics obtained using the base set) do not
correlate very well with the theoretical ones. In this case, the T.L. is lower
than both the corresponding theoretical and simulated ones and even be-
comes negative for 3 or more bits. Moreover, the S.R. drops off more rapidly
than in the theoretical and simulated cases.

Effect of Down-Translation Frequency on T.L. and S.R.

The translation frequency is equal to the frequency of the 2z phase shift cy-
cle. Up- or down-translation can be done by either up-shift or down-shift
of the phase. Each case will produce a signal of the corresponding frequency
shift with essentially the same amount of T.L. and S.R. (subject to the
component tolerances).

Effect of Translation Frequency on T.L. and S.R.

The switching speed of the device will dictate how large the translation fre-
quency can be. For every serrodvning operation, translation frequency 1is
constrained by the switching rate of the least significant phase bit (e.g., 5.6°
bit for B=6 or 11.25% bit for B=5) which has to undergo a constant
switching at a rate of 28« f; in order to approximate the staircase modulating
waveform.

In this case, the switching speed of the device is specified to be 2 us (switch-
ing frequency of 500 kHz). Therefore. for a translation utilizing 6 bits, the
maxmwum theoretical translation frequency is only about 7.8 kHz
(= 500kHz/2%).

From the measured results (Figure 22a and Figure 22b). it can be seen that
when the translation frequency is larger than 10 kHz, the S.R. will not be
better than 25 dB. In order to have a S.R. of at least 20 dB, the translation
frequency must be less than 20 kHz.

At a larger value of translation frequency. only a small number of bits can
be used due to the constraint of switching speed. It should be noted that bits
associated with small phase resolution do not contribute significantly to the
suppression eflect. Furthermore, external control circuit normally does not
pose any problem on switching speed.

Effect of Carrier Frequency on T.L. and S.R.

The carrier frequency has minimal eftect on both the S.R. and the T.L.
within the device operating frequency range. Normally, the phase accuracy
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depends greatly on the range of the carrier frequency as well as the compo-
nent design and the manufacturing process. For the transmission line type
of digital phase shifter, the designed operating frequency range is normally
narrow. Wide operating frequency requires a lincar phase-shilt character-

istic, a built-in compensating network and a precise line length.

Despite

these additional requirements, the phase inaccuracy is still very large espe-
cially at the designed band edges. The RF vector modulation type of digital
phase shifter. on the other hand, can usually be made to operate over a wider

bandwidth with good phase accuracy.

A EfTect of Carrier Input Power on T.L. and S.R.

The carrier input power has minimal effect on the S.R. and the T.L..

B. STUDY OF VELOCITY GATE PULL-OFF AND RADAR RESPONSE

Figure 26 shows a typical scenario of a Velocity Gate Pull-Off (VGPO) [Refs. 19,

20 and 21).

= ‘7*6
/ vcos® -

RADAR

Figure 26. Velocity Gate Pull-Off (VGPO)

This technique is eflective against a pulse or CW tracking radar which utilizes a

doppler filter. The doppler velocity seen by the radar is given by Eq. (6-3).
kHz, £, in GHz and I’; in knots, Eq. (6-4) can be obtained.
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fi= R (6-3)
Ve Ji -
Ja="91 (6-4)

For example, if £, 1s 10 GHz and ¥ is 500 knots, f; at the radar is about 17.2 kHz.
When the jammer is used, the doppler shift of the signal received by the jammer is about
8.6 kHz.

The signal is retransmitted by the jammer at the skin-echo {requency and this re-
transmitted signal is then slowly pulled away. Figure 27 shows a basic positively in-
creasing false doppler return. Many other diflerent serrodyning waveforms may also be

emploved depending on the scenarios.

Phase shift (Deg) Output frequency, f,,
360° //
f+f
o L] L]
! time, t { time, t
—
T=1/f,

Figure 27. Example of a modulating waveform: From Rel. 19,

To ensure that the serrodyning is eflective, the starting value of the doppler must
first be within the speed gate of the radar in order for the radar to process this false
signal. Secondly, the bandwidth of the shifted signal must be within the very narrow
bandwidth of the radar’s receiver velocity filter which is about 50 to 500 Hz. Thirdly,
the retransmitted signal must remain within the radar filter for a suflicient duration so
as to capture the radar’s AGC and hence the velocity gate. The Jam-To-Signal Ratio
Required (JSRR) is about 0 to 6 dB. Fourthly, the translation rate -;1-’- must be slower
than the radar tracking rate. When the radar tracks the false signal, the jammer will turn

off the false signal sometime later so as to leave the radar with no signal and force the
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radar to return to the acquisition mode again. Lastly, it is more eflective to attempt to
pull the radar doppler gate into the clutter region so that the tracker will lock on to the
clutter. Figure 28 [Ref. 21] shows a typical deception program in which the solid line
depicts a linear frequency translation and the dotted line an exponential (or parabolic)
shift.

DOPPLER FREQUENCY,

f, (kH2)
20
10
o 2 2 6
owar PULL T orr
< FUL CYCLE e

Figure 28. Example of a serrodyning program: From Ref. 21.

A doppler radar that is used for illumination or guidance is normally a single-target
system.  VGPO will be more effective than noise jamming since the bandwidth of the
radar filter is very narrow. A doppler 1adar that can handle multiple targets normally
employs a large number of doppler filters. In general, serrodyning is not very effective
in this type of high-threat-density environment. To counter it, noise or a multiple-
frequency repeater has to be used. Fast-tuned voltage control oscillators and digital

microwave memory devices are also gaining more use in such an environment.

C. TRANSLATION LOSS AND SUPPRESSION RATIO

1. Carrier Suppression

Theoretically, in serrodyning emploving DPS, the original carrier will be totally

suppressed. Simulation also supports the argument. In the actual device measurement,

45




however, the residue of the carrier has been found to be present (See Figure 29a). The
carrier residue has been suppressed by at least 25 dB when 6 bits are used.
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Figure 29. Spectral plot for DPS and TWT: With f, = 10 Gliz and f; = 20 kHz.
DPS uses 6 bits. The TWT used here is the 11P494A.

2. Side Frequency Separation And Close-in Side Frequency

In serrodyning utilizing DPS, the undesired side frequency of the highest am-
plitude is located at a multiple (2%) of translation frequency away from the main com-
ponent. Figure 30 shows an example of the spectral plot using 6 bits, with the carrier
frequency and translation frequency of 10 GHz and 10 kliz respectively.

The undesired side frequency of the highest amplitude is at 640 kHz away from
the main component. It is, therefore, inferred that when a higher number of bits is being
employed, the undesired component of greatest amplitude will be further away from the
desired main component.

However, in practice, due to the narrow bandwidth of the radar’s doppler filter,
near side frcquencies will be more undesirable in terms of degrading serrodyning eflec-
tiveness than those distant unwanted harmonic side frequencics, which may be of higher
amplitude. Figure 29a and Figure 29b show the respective scrrodvne waveform for
DPS and TWT with near side frequencies vividly displaved. Clearly, the harmonic
nearest the input signal frequency may be of greatest interest and one may prefer to de-
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Figure 30. Side frequency separation for DPS: Carrier frequency = 10 GHgz,

translation frequency = 10 kHz and B = 6 bits.

fine S.R. with reference to this component. Therefore, practical S.R. might be defined

relative to the nearest undesired side frequency rather than larger distant side frequen-

cies. Following this definition, the suppression in this particular example is still more
than 25 dB for the DPS in Figure 29a. This value is much better than 18.5 dB that
follows the original theoretical definition (See Figure 22b).

D. COMPARISON OF TWT AND DIGITAL PHASE SHIFTER

Both the TWT and DPS can perform the serrodyning operation satisfactorily. The

following is a comparison of the two methods based on experimental results.

RF Frequency Band and Translation Frequency Range

Both the TWT and DPS can be designed to have broad RI' operating range.
As for the translation frequency range. it is large for a TWT and generally small
for a DPS. However, if the S.R. for the DPS is re-delined relative to the nearest
undesired side frequency so as to give a more practical S.R. value, then the
translation frequency range can also be very large. I'or example, if the switching
speed of the device is specified to be 2 us, the switching frequency is then 500
kHz. Therefore, for a frequency translation utilizing ¢ bits, the maximum
translation frequency is, theoretically, about 7.8 kllz. However, if only § bits
are utilized, the maximum translation frequency can then be about 15.6 kliz.
When only 1 bit is utilized, the maximum translation frequency is about 250
kilz.
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Gain and Insertion Loss

Unlike a TWT, which can process the output signal with gain as well as fre-
quency translation, the digital phase shifter has a large insertion loss due to the
use of lossy PIN diodes and delay elements.

Input and Output Power Level

The carrier input power has a minimal effect on the S.R. and the T.L. for DPS.
For a TWT, small signal gain is much higher than gain at saturation. A TWT
also produces a higher power output.

Saturation and PM-to-AM Conversion

A TWT has a nonlinear power input-output characteristic and will saturate.
Inherent undesired amplitude modulation is also present whenever the tube is
phase modulated. The digital phase shifter does not have the saturation prob-
lem but its uneven insertion loss characteristic will introduce amplitude modu-
lation.

Translation Loss and Suppression Ratio

The T.L. and the S.R. are very important parameters in the ECM application.
When a TWT is used, the T.L. is not very critical since it provides gain by itself.
Similarly, when using the digital phase shifter. even though its insertion loss may
be large, the S.R. becomes a more significant parameter than the T.L. as gain
provided by external amplification can compensate for the T.L..

Noise and Signal Quality

A TWT translater is low noise but side frequency harmonics occur at each
multiple of the translation frequency. For example, if f; is 10kHz, the undesired
side frequencies for a TWT are at positive and negative multiple of /7 away from
the main component. Whereas, for a DPS using 6 bits, the undesired side fre-
quency of the highest amplitude is at 640 kHz away. Therefore, even if the S.R.
are the same for the TWT and DPS, the DPS is obviously superior. However,
if the close-in DPS side frequencies are deemed to be more undesirable in de-
grading serrodvning effectiveness, then the harmonics nearest to the input signal
frequency will be dominant. In this case, the S.R. is still greater than 25 dB.

Flvback Time

With a TWT, a finite increase in flyback time will directly degrade the perform-
ance of serrodvning (i.e., increase in T.L. and reduction in S.R.). A digital phase
shifter, strictly speaking, does not experience this problem of finite flyback time
(See Figure 31). Rather, its performance will be limited by switching speed.
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Figure 31. Flyback time

» Size and Ease of Implementation

A DPS is compact, of solid-state design and relatively easy to interface with a
computer and is programunable.

E. PRACTICAL USAGE

1. Criteria For Minimum Number Of Bits

The results gathered here can aid the design of a velocity deception ECM
jammer. Since the measured results does not correlate very well with the theoretical and
the simulated ones, the theoretical formulae can only be used as a first cut in the design

procedure. The theoretical performance curve is shown in Figure 32.

For example, consider a specified serrodyning operation requiring a T.L. of not
more than 0.5 dB and a S.R. of at least 25 dB. It can be secn that at least 3 bits are
required for a T.L. of less than 0.5 dB and at least S bits are required for S.R. of more
than 25 dB. Hence, the minimum number of bits required to achieve the desired
serrodyne effect will then be 5. Taking into account other possible losses and minor
imperfections in serrodyning operation, a 6-bit phase shifter is, therefore, recommended.

Measurements should be made to check the performance.

For practical use, within the device limits, 6-bits can provide suflicient

serrodyning capability. Whenever necessary, 1 bit should be added for safety reason.
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DESIGN PLOT FOR
DIGITAL PHASE SHIFTER
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Figure 32. Design plot: With theoretical translation loss and suppression ratio
superimposcd.

2. Realistic Practical Model

Different models may be required for different types of DPS. In any case, a
practical model must take into consideration the following :
a theoretical S.R. and T.L. limitations

a limitations due to switching speed of a digital phase shifter

»>

incidental amplitude modulation as a result of the uneven insertion loss

| 4

non-linear phase characteristics

near side frequency eflect

> »

carrier suppression elfect.




VII. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

Phase shifters are frequently used in ECM/EW receiving as well as radar systems.
This thesis has presented the theoretical analvsis and the experimental validation of the
serrodyning operation using digital phase shifters. The experimental results confirm the
theory as well as the performance of the physical device. The results may be summarized
as follows:

1. Theoretical and simulated results for the T.L. and the S.R. correlate rather well.
As for the experimental results, the T.L. and the S.R. obtained, based on the the-
oretical definitions, are not very good.

2. Due to the narrow bandwidth of a radar’s doppler filter, near side frequencies are
less desirable in terms of degrading serrodvning eflectiveness than those distant
unwanted harmonic side frequencies, which may be of higher amplitude. Practical
S.R. should be referenced to the nearest undesired side frequency rather than dis-
tant side frequencies. The S.R.. in general, is more than 25 dB.

3. The original carrier is not totally suppressed; suppression of at least 25 dB were
measured.

4. The linewidth of the serrodyne signal does not increase appreciably with respect to
the linewidth of the incoming signal.

S. T.L. and S.R. for up- or down-translation are essentially the same.
6. The phase resolution depends on the number of bits available and employed.

7. Translation frequency affects the serrodvning performance most. The switching
speed of the device will dictate how large the translation frequency can be. At
higher translation frequencies, only a small number of bits can be used due to the
constraint of switching speced. In addition, bits associated with small phase resol-
ution do not contribute significantly to the suppression effect. Furthermore, ex-
ternal control circuitry normally does not limit switching speed.

8. The carrier frequency has been found to have minimal effect on both the T.L. and
S.R. within the device operating frequency range.




9. The carrier input power has minimal effect on the T.L. and S.R..

10. To obtain good serrodvning performance, a system must have good S.R. and T.L.,
minimum PM-to-AM conversion and use high slew rate drivers.

11. A DPS is better than a TWT in implementing serrodyning for the following rea-
sons:

e A DPS is superior in terms of spectral purity.
* A DPS does not experience the problem of finite flyback time.

e A DPS is compact. of solid-state design, relatively easy to interface with a
computer and is programumable,

B. RECOMMENDATIONS

A more realistic and practical model should be derived for each specific type of DPS.
Otherwise, if theoretical formulae are used as design aids, measurements should be made
to check the performance. For practical use, within the device limits, 6-bits can provide
sufficient serrodyning capability. Whenever necessary, 1 bit should be added for safety
reason.




APPENDIX A. DERIVATION

Similar results have also been derived by G. Klein and L. Dubrowsky [Ref. 5] using
a different approach.

A. GENERAL EXPRESSION

Assuming a sinusoidal waveform v(7) being phase-modulated by a step function
0(r). Then v(¢) is given by

W) = A cos[ w,t + ()] A4-la)

=A Re [ e/oc' %07, _ 4-1b)

The phase 0(1) is periodic with frequency w,, and e/ can be represented by

o0
"= ) cpeltom, ‘-2
K=—o0
Hence v,(1) can be rewritten as
d
vin=A4 Z Cy cos(w, + Kwp,)t. 4-3)
K=-~o0o
where Cy is given by
In
C,(--—;.—- I 2 SO g Kt gy (4 -4.0)
m d_Tm
2
LT 0, 2K,
=7 I_ T € e T ' dt {4~ 4.b)
2

B. DERIVATION OF CONSTANT C,

The phase 6(r) can be represented by a step [unction as shown in Figure 33. In this
case, a positive rising ramp is assumed. The number N of steps is given by 28, where B
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is the number of bits being employed in the serrodyning operation (B < numbcer of bits

the DPS has).

-T/2

N = 2°

=T/2N

|

= EVEN NUMBER OF STEPS
A8 = 360° =2

e(t)

A[O/2

(o) —

T/N

e

[ Jaem

T/I2N 2T/N - - -

~A7B/2

180°
135°
goﬂ
45°
°°
-45°

-135°
-180°

Figure 33.

The relationship of 8 against t is summarized in Table 6. C, becomes

Modulation signal as a step function

(4 -—5)




Table 6.

PHASE ANGLE VERSUS TIME

Step Range of ¢ Range of 8
number n =87
From To =N "
N T I 1 A8
+ ww-v=1(-%) T T
N T 1 T T 1 I A (N
- FO-1)-Fw-» F(eg)=35@-n G R
[ ] [ ] L[ ] L ]
L L ] [ ] L]
L ] L ] L] L]
I 1y_ar1 I 1y_ ST A8
2 F(-1)-% ¥+ 3)=3% 24
T 1 4 T _Aar 20
; ¥(-1)=3% F(1)-% ~
I T 1y I
o T(""’z’)”ﬁ {("*'2‘)'2.\' o
I 1 3T T 1y___T _ a8
- #(-1)--3% ¥ )= ,v
L] * L ] *
* L] * L]
L] L] * *
N T T I 1 I A7 Y
-(£-1) F(r-1)=-570-n F(reg)=-3Few-n -H(F)
N T Y AR
-5 -4 ~FFW-0=F(-F) -4
Solving Eq. (A-5) gives
T i-] T 1
> 2 = n+=)
pi?.4 2 hid 21K N 2
Cx-—'f - 21-1( e T - Z 2‘_,(, e/ N e T
.I"T .L(]_L) &y 1—7-_ L(n_.l)
2 N ne=(q-b N 2
(4 - 6.9)
T 1
—(-=5)
1 —jt -J.Zi, 2 N
T 2zK e"e T
] A
T 2
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T X, Tl
) 2k |2 e, N+y)
- e T + e’ N ¢ T
JirK T 1 ~ T 1
2 (l - N ) 'l=—('5'-|) N (n— 2 )
(4 - 6.b)
T 1
- (--F)
29K 2 N
—e™ ;' ¢
L
2
Evaluating the first and the last terms in Eq. (A-6.b) gives
I “I(-1)
1 K, 2 22K, 2 N
—_— e T —e ° T (4 —T.a)
J2=K Tio T
2 (' N ) 2
- - j—2}'-l?_ [ —e K +e""K('_JN') —ej"K("':lv') +ej"x] (4—17.b)
1 . T 1 _
= - Tk { 2/ sin nK—?Jsm[k:r(l -N ]} (4-17.0
. ~K . K
. sin #K cos - cos =K sin =+
sin = K N N
=Kk T =K - =y A-1d
.k
, cos =K sin =2
sinak Ky _ N _
- oK 1 + cos N -k (4—-1¢)
cos K sin —kx-—
W e —ee———— (-4"721)

K=

Again, after considering Eq. (A-6.b) and evaluating the 3 terms, it is found that
there is a total of N — 1 terms. Hence, the following can be obtained,

£ I 1
-l ZZ o/ B N (+7) 4 - 8.0)
Ja=k N T(,_1 .
- (£-1) % (n-71)

- - Z { c-'[%"'l%("“zl')]-e-‘{%”'%("‘%)]} (4 —8.b)

for the term n =0,

56




Kz

_ 1 _JL!‘; j-'#' - sinT
T2=K (‘ N —e A) K=
. . N

. and for each pair of n and —n terms, there is only a total of 5~

-g—'-l

A8 K A8 20K (1

i _jz_:zK'Z{ AR5 ()] S5 C-1)

n=l

v - (1) -ef[-%ﬂ--“w"*(—"%)]}

1 E | A8 25K 1 .1 A 2zK
==K {2jsm[—h—.n— ~ (n+~2-)]—2/sm[—‘;‘-(—n-—l—v——(n—

n=1
£,
E 27n(1 — K) 2zn(l ~ K) K 1
Ly ) A ) mK | SER TR sK
= Z_RK {sm[ N N ] sm[ N + N ]J
n=1
N
. 22n(l — K) X
1 LI = 2) in K
=Z—ﬂK[—2cos N sin =5 ]
n=1
%—I
) Sin = 2zn(l = K)
= e 608 ¥ .
n=1

sm-’%’— v 2%n
K 142 [_JCOS[T“—K)] .
n=}
C, can then be deduced as
. Xy
. K= 2
sm =
- A) . zn . _
Ce= T { 1—-cos Kn 42 Zcos[ AL K)]
n=1
N2
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1 pairs,

4-9)

(4-104a)

(4 - 10.b)

(A - 10.0)

(4 - 10.d)

(4 —10.¢)

A-11)

(4 -12)




For N =2 case, Eq. (A-12) becomes

sin ﬁ

Cx= K: { 1—cosKn). (4—-13)

Let K=mN + i for i =0,1. Then Eq. (A-13) becomes

. K=z
sin ——
Cx= "T-?L' (1 =cosmA + i) ) (4 - 14.0)

sin-l\:;\-’,‘.-
Kr

{1 —=cosin}. (A —140)

From Eq. (A-14.b), it can be seen that Cy is zero fori=0. As fori= 1, Cy is

sin -’-‘{—
Cx=2+ — 53 (4 -15)
For all N # 2 cases, using the equation for sum of cosine series [Ref. 22],
: 1
sm(u + b} )1 i
cosx+cos2x+ees 4 COSNY = —————F—— — >~ (A4 —16)
2sin - 2

the 3. terms in Eq. (A-12) can be simplified to

&

2

2Zcos n[ -%\';:(l—]s)'] (4-17.09)

n=1
N#2

sin kr cos [ 7"\".-(1—K)]
= — 4 cos Kn —1. (4-17.1¢)
sm?(l-—lﬂ

Then Eq. (A-12) becomes

sinA:\g- { sin k= cos [ T‘I,—(I-—k’)] }

Cx= -18
x K= sin—,f;.-(l -K) 4 )
Again, for K=mN +ifori=0,1,2,..,N -1, Eq. (\A-18) becomes
sin L\—— sin(mXN 4 )= cos [ % (I=mN=§ ] .l
Cy= K‘? = — (A -19.0)
! sm—',;-.(l - mN =) J
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sin—l%z- sin mN'x cosin cos [ -1:7(1 —mN - l)] 1
- - (4 - 19.0)

K= sin%(l -mN=10 J

For all i # 1 cases, Eq. (A-19.b) can be evaluated to be zero. As for i =1 case, Eq.
(A-19.b) becomes

. K=
SNV f sinmA=_cosiz cos ma
Ck=- —x= { sin mn } (4 -204)
. K=
SN —g— .
N sin mN\'mr m
=" Kr { sin m= (-1 } (4 -20b)
By L'Hopital's Rule, Eq. (A-20.b) can be evaluated as
. K
s == . -
Cr=—p— [ S -7 : “-21a
sinL\’,"—
=t N (4 -1218)
Therefore, for any ¥ = 22 values, C, is given by
0 forKmeN+1
Ck=1q sin&Z (4-22)
N v forK=maeN+1
K=
. s
sin K2
The term T in Eq. (A-22) can be simplified as
sinET (= 1)"sin £
Kz = N+ D (4-23)
Hence the expression for C, can be further simplified as
( _])'" sin %
Cx= i s (4 = 24)

Therefore, Eq. (A-3) can be re-written as




oc

(-y"_Siny
w=A TNFT = ¢ coslw, + Kaopt. (4 ~25)
N

K=-oo
K=meN4t
m=integer

C. EXPRESSION FOR SPECTRAL COMPONENTS

For an unserrodyned signal, the average power P, is given by

42
Fo=-5~. (4 - 26)

In the case of a serrodyne signal v(¢), the expression for average power P, for
correponding K terms is given by

2
Px=C12<'A5" (4-27)

The spectral plot is obtained with respect to unserrodyned signal and is
Px
P =101log 3~ (4 - 28.0)

=20log 1Cgl. (4 —28.0)

D. RELATIVE AMPLITUDES OF THE HARMONIC COMPONENTS

The fundamental component P, always has the largest magnitude. As for the har-
monic components, it will be shown here that the first lower harmonic P_,., is larger
than the first upper harmonic P,.,. The ratio of P_,,, over Py, is thus

2
P_yvay " Coxen )

—— ey ver—— . _4 —_ 29
Fysy ( Crat ( )

8

C_y., and Cy., become respectively,

-1 sin —:-
Coyer = N+ = (4 - 30)
~
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_ sinT’:,-
Cva=x371 = (4-31)

N

Substituting Eq. (A-30) and (A-31) for Eq. (A-29) gives

ﬂg(ﬂ'_ﬂ_)z_ (4 -32)

Pyt N=1
The ratio given by Eq. (A-32) is always greater than 1 and approaches 1 as iV gets larger.

E. THEORETICAL S.R. AND T.L.

The translation loss and the suppression ratio for different numbers of bits are tab-
ulated in Table 7.

Table 7. THEORETICAL T.L. AND S.R.

Bit T.L. (dB) S.R. (dB)
1 3.92 0

2 0.912 9.54
3 0.224 16.9
4 0.0559 215
5 0.0140 29.8
6 0.00349 36.0
7 0.000872 42.1
8 0.000218 48.1
9 0.0000545 54.2
10 0.0000136 60.2
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APPENDIX B. C,FOR 1- TO 10-BIT

KCi(l-B) Cx2-B) C3-8) Cu4-8) Cy5-8B) C€6-B) Ci(7-8B) Ci8-B) C9-B) C(10-8)

99 -.51994€-07 ~.45245E-02 0.48961E~02

:7 0,32813%€~02

;; -.832651E~02 0.46163E~02

93 0.32982€-02

;g -.83335E-02 ~,47142E-02 ~.51025E-02 -.52024€-02 ~.52276E~02 0.52384E-02
89 0.53679€-02

g? =-.834049E-02 0.48164€-02

5 0.34407€E-02

§ -,86793E-02 ~.49203E-02 0.53048E-02

0.35167E-02

-.355870E-02 0.50292€E-02

0.35962E~02

-.36384E-02 ~,.51450E-02 ~,55688E~02 0.56771E-02
0.56793E-02

=.37236E-02 0.52644E-02

0.37667E-02

oo x
oDaven

P

Hn

= et e e 1t 0t et e
bl\mlnu'm&nu!w\nu\md\0¢~.¢~aa~oc.o~a~4n~nu-¢~au~uu(ll(ﬂn

2 ~.3812GE-02 -.85916E-02 0.58352€-02

$ 0.58580€-02

3 -.39060E-02 0.55226E-02

g 0.39538E-02

9 - .GO0GBE-02 =.56629E-02 -.61295E-02 —.62496E-02 0.62785E-02
g 0.405644E-02

§ .<1078E-02 0.58084E-02

S 0.41605€-02

1 -.42165€-02 ~.59626E~02 0.6GS2BE-02

9 0.qzr21E-02

22 ~.43313E-02 0.61241E-02

45 0.4t890e-02

G3 -.44S26E-02 = .67964E-02 -.68151E-02 0.69474E-02
¢ o.as1ase-02

38 - .GSBOBE-0. 0.64764E-02

;2 0.66660E-02

$5 -.47160£-02 -.64697E-02 0.72183€-07

33 0.47863€-02

$1 -.cac016-02 0.¢8717€-02

29 0.49366E-02

;2 ~.50131E-02 -.70893E~02 ~.7673GE-02 -.78237E-02 ~.78616E-02 -.78711E-02 0.78727€-02
is 0.s0szee-02

23 -.81762€-02 0.73192€-02

gg 0.52608E-02
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K C1-8

19
18
17
16
15
14
13
12
11
10
09
08
07
06
0s
06
03
02
01
00
-9e
-9
~-97
~96
$

-.53503E-02
0.56406E-02
-.55365E-02
0.56331€E-02
-.5736¢1E-02
0.58397E-02
-.59501E-02
0.60627E-02
-.61812E-02
0.63030E~02
-.64308E-02
0.65628E-02
~.67016E-02
0.686¢512-02
-.$9%62E€-02
0.71827E-02
~.73178E-02
0.74893E-02

3 -.76705€-02
1 o.78892e-02

-.80587E-02
0.82675E-02
~.84885E-02
0.87206E-02
-.89667E-02
0.92262E-02
-.95021E-02
0.97928E-02

3 -.10105E-01

0.10436E-01

+10790€E-01
0.11168E-01
~.11575E-01
0.12011E-01
~.12683E-01
0.12992E-01
-.13845E-01
0.16147E-01
-.14808E-0)
0.1%527€-01

€2 - B)

-.7%641€-02
0.78282E-02
=-.81114E-02
0.94]33E-02
-.87419E-02
0.90938E-02
=.96774€-02
0.98935E-02
-.10369E-01
0.10847E-01
-.11397E-01
0.12004E-01
-.12601E-01
0.13437E-01
-.16291E-01
0.15260E-01
-.16370€-01
0.17653€-01
~.19188E-0}

0.20937E-01

C3-B) C4-B) C5-B) Ci6-B) C 7-B) Cy8-B)

0.81079€-02

-.87799E-02 0.89502E-02

0.964609E-02

~.10288E-01 -.10459€-01 0.10%509E-01

0.11201€-01

-.12336E-01 0.12577E-01

0.13725E-01

=-.156468E-0) -.15771E-0]1 -.15848E-0) 0.15866E-01

0.17718€-01

-.20734E-01 0.21]160E-01

63

C(9-B)

C.(10 - B)




K C(l-B) C2-B) Cy3-B) Cu4-B) C5-B) Ci6-8B) Cu7-B) Cu8-B) Cu9-B) C(10-8B)

-.16326E-01 ~,23085E-0] 0.24987E-0)

0.17206E-01

-.18190E-01 0.25723E-01

0.19291E-01

=-.2053¢E-01 -.29043E-01 —-.31436E-01 -.32051E~01 0.3220¢E-01
0.21952€-01

~.23579E-01 0,33345E-01

0.25664€E-0]

~.27680E~01 ~,39145€-0] 0.42369E-0]

0.30315€-01

~.33507E-01 0.47384E-0)

0.37449E-01

-.626GG2E-0] ~,.60021E~-0) ~.64967E-0) 0.66239E-01
0.48970E-01

-.87875E-01 0.8184¢6E-01

0.70735E-01

~.20946E-01 -,]2862E+00 0.13921%+00
0.1273CE+00

~.21221E+00 0.30010E+00

0.63662E+00

0.63662€+00 0.90032E400 0.976449E+00 0. 99S59E+00 0.99839E+00 0.99960E+00 0.99990E<00 0.99997E+00 0.99999E+00 0.10000£+01
-.21221€+00

0.12732E+00 ~.18006E+00

- .90946E-01

0.70735E-01 0.10003E+00 -.10828E400

-.57875E-01

0.48970E-01 ~.69255€E-01

-.62642E-01

0.37448E-0) 0.52959E-01 0.57323E-01 -.58447E-01
-.33507E-01

0.30515E~01 ~,42872E-01

~.27680E-01

0.25464E-01 0.36012E-01 -.389B0E-01

-.23579€E-01

0.21952E-01 ~.31044E-0)

-.20536E-01

0.19291E-01 0.27282E-0) 0.29530E-01 0.30108E-01 -,30254E-01
-.18]189€-01

0.17206E-01 ~,24333E-01

-.16324E-0)
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K Cl-8B) C2-B) C3-B) Cué¢-B) Ci5-B) C6-8B) C(7-B) C8-B) C(9-B) Cyl0—B)

0.15527€-01 0.21958E-0) -.237¢8E-01

-, 14805E-01

0.14147E-01 -.20007E-01}

-, 13545E-01

0.:2992€-01 0.18373E-0) 0.19887E-01 -,.20278E~0)
«.126493E-0)

0.12011€-01 -.16987E-0}

-.11575¢€-01

0.11148E-01 0.15795E-01 -.1709¢E-01

~.10791€-01

0.10436E-01 ~.14759E-0])

~.10105E-01

0.97939E-02 0.3130S1E-01 0.14992E-0] 0.1328¢6E~-01 0.153¢0E-01 ~-.15379€E-C1
-.95020€-02

0.922618-02 -.13048E-01

=.89668E-02

0.87206E-02 0.)12333E-01 -.13349E-0]

~.04885E-02

0.82675E-02 ~.11693E-0]

-.80587E-02

0.78592€-02 0.11115E-01 0.12030E-01 ~.12267E-0)
~.76705E-02

0.74892E-02 ~.)10592E-01

-.73178E-02

0.71527E-02 0.10115E-01 ~.10950E-01)

-.69962E-02

0.68451E-02 ~.96809E-02

-.87015€E-02

0.65628E-02 0.92812E-02 0.10046E-0) 0.10243E-01 -.10293E-01
~.64307E-02

0.63029E-02 -.89143E-02

~.61812E-02

0.60627E-02 0.85735E-02 -.92819E-02

-.59501€E-02

0.584602E-02 ~.82607E-02

-.87362E-02

0.56330E-02 0.79668E-02 0.86232E-02 -.87935E-02
~.55344E-02

0.84605€-02 ~.74957E-02

~.53504E-02
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KC(l-8 C2-B) C(3-B) C4-B) C(5-B) Ci6-B) C(7-8) C8-B)

0.52608E-02 0.74402E-02 -.00542E-02
=.51743€-02

0.50925E~02 -.72030E-02

-.50131€-02

0.649345E-02 0.69785E-02 0.75535E-02 0.77014E~02 0.77387E-02 0,77480E-02 ~.77517E-02
-.6860)E-02

0.47862E-02 -.67702E-02

-.47161E-02

0.66466E-02 0.65710E-02 ~.71138E-02

= .G5808E-02

0.45143E-02 ~-.638460E-02

=.64G524E-02

0.43898E-02 0.62087E-02 0.67203E-02 ~.68528E-02
-.43314E-02

0.62720E-02 -.60429€-02

-.G2166E-02

0.61604E-02 0.58842E-02 -.63696E-02

~-.41078E-02

0.4056GGE-02 -.57346E-02

~.40044E-02

0.39537E-02 0.559)6E-02 0.60522E~02 0.61708E-02 ~.62018E-02
~.39060E-02

0.38579€-02 ~.54373E-02

~.39124E-82

0.37667E-02 0.53269E-02 -.57668E-02

-.37232€-02

0.38792E-02 ~.52048E-02

-.3688G4E-02

0.35961E-02 0.50862E-02 0.355054E-02 ~.56138E-02
-.35871E-02

0.35166E-02 -.69744E-02

-.36794E-02

0.3G406E-D2 0.48661F-02 -.52675E-02

-.36049E-02

0.33679E-02 ~.47637E-02

-.33338€E-02

0.32981E-02 0.46644E-02 0.50488E-02 0.51677E-02 0.51726E-02 ~.851793E-02
~.326S1E-02

0.32512E-02 ~.45708E-02

-.31994E-02
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APPENDIX C. Py FOR 1-TO 10-BIT

K P(l-B) P(2-B) P(3-B) P@-B) Py5-B) P6-B) P(7-B) P(B8-B) P9-B) P(10-8)

99 ~.69899E+02 ~.448 6203€¢02 -, 12944E+08 ~. 12972 09E+03 ~.11605E+08 ~,11359€+08 -. SEEO
98 ~.126764E+08 ~-,12¢6 G12E205 ~.1279%€+08 ~.11879 901E+08 ~.]6170€+08 ~.12189E08 ~. 9E+0
97 -.49813E-02 -.121 685E¢ =.14660E+08 -.12571 S90E+08 ~.15147€+08 ~.11866E+08 ~. 3SE«0
96 ~.20000E+03 ~-.123 S24E+08 ~.15145E =.1277¢ 029E+08 =.)2062E+08 ~.13857E+08 - SE<0
95 ~.49722E+02 ~.&¢7 ¢67E+03 ~,13493E+08 ~. 12575 96SE+03 ~.1)577€+08 -.11110E+08 -, 9E+0
96 -.12299E+08 ~-.17 G33E¢05 ~.12586E+08 ~. 15522 989€E. =.11157€+08 =.12614E+08 ~, 8E+0
93 -.49635E+02 ~-.13 629E -.12689E+03 ~,1367¢ SCSE+03 ~.11184E+03 ~.12490E+08 ~. <Es
92 -.C20000E+03 -.20 000E -.20000E+03 -.20000 GO7E+0S -.12192€+03 -.13701E+03 -, 8k +
9] =, 49542E+02 -.4¢ GGE*02 ~.65676E+02 ~.65634 SS9E+0S ~.11883E+08 -, 116083€08 -. GE ¢
90 -.131649E+08 ~.12 03E+03 =.12002€+08 -. 11902 ¢ BI9E+05 ~.11996E+05 ~-.10803£+03 -.11879E¢
89 «.49453E+02 ~,128 SSE*03 ~.11967E =, 12696E+03 -, 14E+08 ~,12637€4083 ~.16019€+08 ~.11756E+08 =, 3E.
89 -.20000E+03 ~.120 78E+ =.123866E¢ <12271€+08 ~-. C4E-08 ~.11531€E+03 -.13513€E+03 ~.12811E+08 ~. 134
97 ~.69358£:02 ~. 4453 8SE* ~.1395GE+03 -, 12¢S1E03 -, 13€¢ =.J1935E+08 ~.12627€*08 ~.J26I8E+08 ~. 67€«
86 -.12015E+08 -.178 2252€+08 =, 12136E+03 ~.12154E+03 ~.1229BE+03 ~.]12€Q0E~03 ~.11854E+08 ~.10201€E+08 ~.108768E¢
BS ~.492¢7E+02 -, 141 G7E+0S ~.]118SCE+03 ~.12327E+08 ~. 71E+08 =.11627E+03 ~.1317SE+08 ~.11679E«08 . 0SE+
84 ~,.20000E+03 ~.200 97E- ~.11751€+03 -.118083€+03 -, S7E+08 =.11210E+08 ~.12C22E+08 ~.11682E+0S ~. QGE +
83 ~.49170E+02 ~.66160E+0 GTGE*02 -, }2947€+03 ~,)12699E+03 ~.13035€°03 ~.11995E¢08 ~.12150E+03 ~.1188%E+03 ~. 47E¢
82 ~.11895€+03 -.} 4SSBE+03 ~.15520E+08 ~.)5814E+08 ~.12595€+08 ~.12481€«08 ~.J2118E+0S ~,12104E+03 ~.1182SEC
81 ~.49077E+02 ~.32403 07E+03 ~.12606E+03 ~.12500E¢08 ~.]1T04<SE+03 ~.JIB7¢E+03 ~,.106492€¢ = 11666E(
80 -.20000E+03 ~.11838 36E «.12111E+08 =.1471BE+08 ~.10G6%E*03 =.12665E+08 ~,11979€ ~.1195%€E.
79 -.6G8978E+02 ~.65970 GHE-03 ~.]226BE+03 ~.1444SE+0S ~. 16€E+08 -.12935E+08 ~.]3338E «.15110E
78 =, 11784E+0% ~.]16558 75€+403 ~.11892E+03 ~.11730E+08 ~. SGE+0S ~.15019E+QS ~.iS711€ - J2BSBE
77 -.48883E+02 ~-.1388% BY2E+03 ~.13771€+03 ~,12927€<05 ~.142364E+03 ~.12735€+08 ~.12072€¢ = 1661 6€E +C
76 -, 13512E+03 -.20000 00E+03 -.128346E+03 ~.12626E¢ 316E+ ~ JSOGOE
75 -.GB782E+02 ~-.65772 85€E ¢ =.G6917E202 ~.12876E~ SSOEe - S7E+0
76 ~.11682€+03 ~.1 4BE+03 -,12806E+08 -.13253E¢ S21E. - SSE+0
73 -.68635€+02 ~.} 96E+03 ~,13084E+03 ~. 12314E¢ GI36E. - 07€+0
72 = 13290E+03 ~.12589 S7€E°03 ~,12167E+03 ~.12534E« 1S11E. - SEs0
71 -.G8581E+02 - 48573 06E+Q3 ~,18956E+08 ~.11959E+0 3287E+0 =.98693€E+0
70 =.11587€08 ~.1 744E+QS = 1C0GEE4DS ~. 1C4B3ESD 1362€ =-.11073E+0
69 -.6B84RI1E-02 ~. 1} 2660E+03 ~.12191E+03 ~.11851E«0 2576E¢ -.1I816E+0
68 ~,1327CE+08 -.2 B60E+0S ~.13648E+03 -, 13034E0 7l C756E+D -.13522€+0
67 =.GB376E+02 ~-.4536 GO7%E+02 =, 12655E+03 ~.13107€+0 31 &45S8E. - 22€+0
66 ~.12143E+08 ~.]1801 271E+08 -, J2883E+08 ~.13538E+0 16 6SGE 5 - 93SE+0
65 - .AB273E¢02 -.1198 718E¢ =.16127E+08 ~.14G626E" 14 SASE. 142 -. S7E+0
66 ~.13331E+03 ~.1 S44E*03 ~.13084E+03 ~,.15559E¢ 009 SBIEe 191 - 17€+0
63 -.68165E+02 ~-. ¢ 371E+03 ~.169%67€03 ~.1261GE¢ 207 GGSE S18E -.11896E+0
2 -.12208E+03 ~-.1 217E<03 =,12786E+03 =, 12097E~ 431 3370€¢ 262E - GBE~D
61 -.48060E+02 -.} G97E+08 ~,12S93E+08 ~.12106E+08 ~.12010 $35€+0% -. CE+03 ~.11531E+08 ~.]2G474E
60 -.20000E+08 -.20 000QE+08 ~.20000€+03 ~.11842E+03 ~.133897 329c408 -, 11838€+08 -, 12101€408 -.18044E>
§9 =.47942€+02 ~.64 G2S0E402 ~.64083E+Q2 ~.44043E+02 ~.10913 4SGE+08 ~.126S7E+03 ~.11371E+0Q03 ~.11295€E
$8 ~.12061E+03 -.12 SB1E+03 =.12045E°08 ~.12213E+03 =.11612 963E+03 ~.]2871E+08 -.12276E+03 -.12081E¢
§7 ~.47841€+02 ~.1I576E+03 ~,12107€E+03 ~.11828E+08 ~.10876E+03 ~.13032 986€¢08 ~.1IB16E+08 ~.1C773E+03 ~.1SC82€.
56 -.20000E+08 -.11885E+03 ~.12201E+03 ~.1194%E+03 ~.1385%E+03 ~,11410 97€E+08 ~.11937€+08 ~. 22E+03 ~.13011E
65 =.47728E¢02 ~ . 4G719E+02 ~,12326E+03 ~.1GC30E+03 ~.14090E+08 ~.13045 741E+0 ~.J0G9CEL0S ~.12]19¢Es
56 ~.1191GE208 -, 12636E+03 -, 12]164E+03 -, 13753E+08 ~. SZE+03 ~.13526 764E+0 - 2GE*NS -.11362E"
88 -.67617€+02 ~.1404%E+03 ~,13121€-03 ~._11951E+08 ~, 32E+08 ~.11990 S28E0 =.1S873E+03 -.]117S4E-
S2 ~.20000E+08 ~.20000E+03 ~.12183E+05 ~,]12024E¢03 ~. 13E+03 ~.12659 G736E+0 = 11689%E+03 -.12399E +(
$1 -.47501€¢02 «.4G49]1E*0Q ~ 43B0SE*02 ~,J24S1E*03 -, 76€E+03 ~.12610 QT7E+0 = JIB27E+08 ~,12656E
50 -~ J1978E<08 =, 10096E+03 =, 13576E+08 ~,]14106E+083 ~.11726E408 ~,115¢8 G17E+0 =.14C89E+03 ~.13281E+0
49 -, G7ZBTFEOC -.12821E+03 ~.183]1G6E+0S ~,14270E+03 ~.12783E+08 -.10894 6S0E+0 F.1S705E¢08 <. 12621E+0
648 -.20000E+08 ~.11721E+03% ~.18664E+08 ~,11731E+03 ~.13905€E+08 ~.13347 766E0 ~.)15645€+08 ~.10705€>
67 ~.G726BE*D2 = &4259E+0Q «, JT796E¢03 ~.12635E+03 ~.11985E+08 ~,11354 §59€¢ ~.97739E+02 ~,120644E
46 -.11835E+03 ~,12794E+03 ~.12539E+08 ~,I3216E+08 ~. 35€+08 ~.12416 301E. =, 15133E«08 ~.11%47€~
€5 -.G7151€°02 ~.13676E+08 -, 1CBS0E+03 -, 1C901E+08 ~. 35E+08 ~.1575¢4 S40€E. ~.16170E+08 ~.12182€
44 =.20000E¢03 =.20000E+08 ~.2000C€+08 «,12029E+03 ~.312765E+08 ~.14082 133€- =.126468E+08 -, 14213€E
43 ~,47008E+02 -.44018 -.G3321E+02 ~,63163E+02 ~, 08E+08 -.12683 4132€¢ ~.10027E+08 ~.18480E+
42 -, 11706€E+08 -,31338° =.1198%€+08 ~,164239E« =.JG130E+03 ~.]12136E 352E+C =.1162CE+08 -, 8SEs
4] ~.66%08E*02 -.11%% =.11806E+03 ~.1248%E+03 ~.11993€+03 ~,1288] Q0SEe =.11966E+03 -, B&E «
40 ~.20000E+03 ~,12346 «.11702E+03 ~,12963E+03 ~.13439E+03 ~.131383 §$3SE. =.11871E+08 ~.1089%E
G67B1E-02 -.43773 «.J2799E+08 ~.12361E+ =.11920€+08 ~.12418 QCTEC ~.§5I83E+05 -, *SE»
11587E+08 ~.13690 «,)13359E+08 ~.12014E+08 ~.13158E*03 ~.15524 G16E~ =.13881E+08 ~.188¢8E-0
€6658E+02 ~,13387 - JS299E+03 ~.1194SE =.JC140E+03 ~.12090E 732€. ~.JOGGE0S ~. +0
S0C00E+0S ~.20000! - 607E+03 ~ 13059E+08 ~.12708E+03 ~.12%61E¢ SI6E. =.13655€+03 ~-. BE+0
35 -.6e529E+02 ~.63518 831E+02 ~.12405E+03 ~.13240E+08 =, )2488E T15E. =.11819€+03 =-. 1E+0
34 -, J2384E03 ~-.)2188 TE9E+03 «, J196JE¢08 ~.)2116E03 ~.JTGGEEY 132134 -.11581E+08 -. SE+0
I8 -.6GeGO0EL02 ~,11736 116E+03 ~.13698E+03 ~.12819€+03 ~.1C330EC C3SEe =~.13581E+08 ~. BE+0
32 ~.20000€+08 ~,11958 278E+08 ~.14163E+03 «,J2089E+03 =.13591E«C +18034€E ~.J2087E+03 ~-. [334]
$) ~.66267E*02 ~.43259 0S6E+03 -.16240E¢ - 048€E ~.1592%E =.11818E«QS8 ~. 95E+0
30 -.12181E+038 ~.13644 0SOE+03 ~,122646E08 ~, Q7. =.15211E. =.18014€E+03 =.13145€+0
29 -.46135€E+02 ~.14097 I87E+03 ~,12601E408 -, ¢ -.J2323E. ~.11770E+08 -.}2435€E+0
<8 ~,20000E+08 -,20000 000E-03 ~.20000E+03 -, 08 -.11%95€+ =.10586E+08 ~.10813E+0
o7 =~.645993E+02 ~.GJ9B8E02 - ,62800E¢02 ~.G2132€+0C ~. 6 02 ~.42078E+0 -.13615€¢03 -,.13819€+0
26 -.1C229E+08 -, 12158E+03 =, J2247€+08 ~,1T198€408 .11 299E. = 13912€+03 -, 1115CE+08 ~.12020E+08 ~.11512€+0
S5 ~.65861E*02 =, 1JS05E°08 =, JTT09E03 ~ 11967E403 ~. 21126908 ~.J20BGE0S ~,133S7E0S ~.1297]1E+08 ~.12481E+08 ~.12210E+0
04 =,J0000E+08 =.13780E03 ~.12189E+08 ~,124¢850E+03 «.12771E¢08 ~.1206)E+03 ~.118GSE+03 -, 10832E408 =, J21QJE+03 - 12452E+0
o8 =.45720E¢02 ~.62711E400 . 100BKE+0S ~ 1T001E*03 ~.11976E+03 ~.12457E+08 ~,)3G4GE = 11711E+03 =, 10965E+03 ~.I1C0SCE+0
2 =.12026E+03 -, 12795E403 -, 11851E*03 « ]GIB3E0S ~. )IISTE08 ~.127BTE0S ~,12000E" =.1CC88E+0% ~.11731E-03 ~.12)92€E~0
21 ~.GSS7%E+02 -~ 15790E+08 ~.1360BE+03 ~.)C187€+03 ~.119831€+038 =, )J180E+0% ~.15990E« ~.11636E+03 ~,13610E¢03 -. 7E+0
20 ~.20000E+03 ~.20000E+03 ~,.)1870E+08 ~.12087E<03 ~.12107E+08 ~.1271SE*03 ~.14736E*03 ~.12688E+03 ~.12766E+03 =, T4E+0
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Pil-B) P2-B) Py3-B) Pd-B) Py5-B) P6-B) P(7-B) P8-8) P(9-B) Py l0-B)

= 43432E+02 ~.62623E+02 ~.€1737E+02 ~,12308€+08 -, 11608E+03 ~.11732E+03 -, 1S04GLE+*08 ~.J2057€+03 ~.1J263E*03 ~.)6795E ¢
~.11845E+03 =.11709E+08 ~.)3171E+03 =.126¢08€+03 =,12740E«03 ~.1181GE+03 -, 16G16E+*03 ~.12673E+03 ~.12048E+08 ~.12519E«¢
=.45287E+02 -,12065E+03 -.14785E+03 -, 121206403 -, 16790E+038 ~,. 124068405 ~,12086E+03 ~. 12340603 ~,)11945E03 ~. 4GE.
-.20000E+03 ~,.11682E¢03 -.14071E+03 ~.12701€03 ~.12246E+03 ~.11697E403 ~.11563E+03 ~.13473E+08 ~.13470E+08 ~. 712E.
- 45]135K402 ~,62)27E%02 ~.)25))E¢0S ~.15601E+08 ~.18167E+03 ~.11011E+05 ~.11571E+03 -, 110126463 =.11724E+08 ~. 343
~.11605E+08 -, 1413SE+08 ~. 12431603 ~,12776E*03 -, 1155SE*03 ~.13216E+08 -.12051E+03 -.])2575€+03 ~,12987E+03 ~. 3E+
= 46985E402 -, J3419E403 ~.12666E203 ~,12345E+03 -, 1350%E+03 ~.])876E+03 ~.12195€+03 -.11739E+03 ~.11008E+03 -.184])1E.
=.20000E+03 -.20000E*03 -.20000E*03 ~,11607E403 ~.12502E+03 ~.]128G¢SE+03 -.1680%E+03 —.13059E+03 ~,12651E+08 -, SE ¢
~.4GO28E+02 ~.41818E+02 -.61130E*02 ~.G0963E*02 ~.12185E403 ~.12987E+03 ~.1384G4E<03 ~. 111768403 ~,)1579E+03 ~-. 2E»
=.11562E+08 -, 12286E+03 ~.]1188GE+0Y ~,[2429E¢08 «~,115G6E*0S ~.]1S03E+08 ~.15199E+0% ~.]13859€+0S ~,)12092E+03 =, 1€
=, 46672€+02 -, 11739E+03 ~.11%88E+03 ~.12737E+03 ~.13487E+08 ~.12890E+03 ~,.)2064E+03 ~.124718+03 ~.11536E+DS -, €.
~.20000E+08 ~.12061E*08 ~.11974E¢03 =, 12590E+03 ~,13436E+03 ~.12503E+03 ~,)226SE*03 -, 13469E+08 ~,]2787E+03 ~. b3
=~ 66510E+02 ~. 615018202 ~,124612E+03 ~.32265€+03 ~.1C50)E*03 ~.12956E¢03 ~.11959E+03 ~.}1080E+03 ~.12019E+08 -, $Ee
=+ J2214E+03 ~.160STE*03 ~,)12112E+03 ~,13292E+403 ~.1192]1E+08 ~,)1954E+03 ~.11G07E*03 ~.11442E+08 ~,}JGGCEQS ~, SEe
=.64347E+02 -, 15128E¢08 -, ) 1634E+03 ~.]2306E+08 ~.}2425E+08 -, GE*03 ~.11472E¢08 -, 73E+03 ~.)1039E+08 -, 4GE e
~,20000E+03 -.20000E+08 ~.12287E+03 -, 12338503 ~,12295E¢+08 -, SE203 ~,16229E+03 ~.12141E+03 ~.11866E+0S ~. SEe
=.66179E+02 ~.61168E*02 -.6048]1E+02 ~,]3057E+05 ~. 2E+08 -, G1E*03 -.12683E+03 -, 42E+08 ~.1277GE+03 ~. 1 168SE ¢
=< 12649E+08 -.11096£+03 ~.125)3E+03 ~.11879€+03 -, 9E+0S -, SE+03 -.1268GE+03 —.12089E+03 ~.11652€+03 ~. 1434
«.46009E+02 ~.12878E+03 ~.)S161E+03 ~,12283E+05 -, 9E+03 -. 1E+03 ~.11786E°03 ~-. 2€+03 ~,113€RE+0S -, J8E
-.20000E+08 -, SE4D3 -.16400E+03 =, 11983E+0Q3 -, GE+08 ~.11672E+03 ~,15809E+03 ~, G6E*QS ~,11966E+03 -, 28
=.63835E+02 -, 60825E+02 ~,12770E°03 ~,12490E+08 -, 0E+0S -, 2SE+0S ~. 128238403 ~-. 7E¢Q3 ~.13639E+03 -, $E+
~.12576E+03 -,10800E*03 ~. 88E+0Y -, 13338E+03 ~, GE*03 ~.11815E+03 ~,12840E+0S ~. QS -, +03 -. 9E.
-.43650E+02 -,]14005E+08 -, 68E+03 -.12981E+03 -, 12857E+08 -, J1E403 =.13110E+08 =, GE*0S -, +08 ~.1324%E.
-.20000E+03 -, OE+03 -. O0CE+03 ~-.20000E+03 -,1l145SE*05 -, GE*08 ~.13007€+08 -, eE*03 -, *05 -.JL68IE"
=.63676E+02 -, 6E*02 -, 78E*02 ~.39610E*02 ~. 6IES02 ~.12086E+03 ~.12076E+08 ~. ZE+08 ~. 08 -, 16E+
~.12685E+08 ~,11777E+08 ~-. 4CE*08 ~,12116E+08 -, 53E+08 ~-. GE*Q8 -.12629E+03 -, SE+03 -, 03 ~. ¢9E
=.43292E402 ~.]12182E*0S ~. 6SE+03 ~,11840E+03 -, J2E+08 -, 1E+08 ~.)281€6E+03 -, 46E+03 ~-.13088E+0S ~. *BE
-.2 OEe GS7E+0S ~.)11883E+08 ~,12373E+03 ~. SSE*0S -. 2E*03 ~.11556E+Q3 -, 6OE+0S ~. 114 +03 -.1104%€E
-.63103E+ 093E+02 ~. 4]E+03 - ,162642E+03 ~, 25E+03 -, OE+03 ~.1S3033E+08 -, 14E+03 ~.1167SE+0S ~-. S7E-
-.12397€+ P8GE+*03 ~.12757E+03 -.13261E08 -, 30E+03 -, 6E*0S ~.13G02E+0S ~. G1E*03 -,13203E+08 -, 36k
- 1E*02 ~.14116E+03 ~.1195%E+03 ~.12345E+03 ~.12033E+03 ~. SSE*03 ~.12252E+03 ~.12452E+0% -, 97E.03 -, 71Ee
-.20000E+03 -.20000E+0% -. 0GE*03 ~.1178SE+03 -, 73E+03 ~. 72E*QS ~.14B00E~03 -.11442E408 ~. 04E*0S ~. 74E¢
=.G2712E+02 ~.39702E+02 ~. SE¢Q2 - . 11951E+08 ~,12815E+08 -. 93E+03 ~.125748+03 ~.126]15E403 -, G7E+0S ~.12051E~
-.1 9E+0S ~ 12664E*08 =, 13130E*03 ~.11910E+03 ~.12052€408 ~,12372E+03 =, ]2459E403 ~.13%07E+08 -. BE0S -.11457E.
-6 1E+02 =, 126¢%8E+08 ~,)371SE*08 ~.12875E+03 ~, 136645408 ~.14651E+03 -, 11874E+08 ~.11108E+08 ~. €08 -.11743E
-.20000E+Q3 ~,]12413E+03 ~. - ~.11763E+08 -, GSE*0S -.12032E403 ~.12573E+03 ~.1352¢E+03 ~.14051€+
-.42303E+02 ~.39294E+02 ~. - ~.13529E+08 -, SOE+0S ~.12785E+03 -.12470E+03 -. *03 ~-.1202%E+
~,12098E+03 - € - - -.12297E+08 -, O7E+03 ~.12221E+08 ~.11201£+08 -, +08 ~.12222E
-.4 2E*02 - - - -, 1372]E*08 -, 69E+03 =.12864E+08 ~.12017E+03 ~. 968403 -.11734E
~.16433E+08 - - - = 1G028E*Q3Y ~,]12147E+08 ~.12724E+03 ~.12569E*03 ~. )8E+0S -.13308E
-.618758+02 ~ - - -.]3287E+08 ~,13305E+03 ~.12384E+03 -, 11451E+08 -, 1140¢E+05 ~.112128+0Q
=.1S827€+08 -,12069€08 -.122 - =, 12650€403 ~ . 12781E+08 ~.12]1528+03 ~.22765E+03 ~.33039E+08 -, J2464E D
~.41653E+02 -, ]12723E+08 -.12¢ - =, 11985E+08 =, ]1G372E+08 -.11626E+03 -.12528E+08 ~.13830E+03 ~.12885E«
-.20000E+03 ~,])2573E¢03 -.124 - ~.J2901E+03 ~.]353])E¢08 -. 97E+03 -, 12815€¢+08 ~,1163BE+03 ~.12752E«
~.61423E+02 ~.38G13E+02 ~.12989E+03 -.12739E¢ +133S6E403 -~ )6)161E«DS ~.12529E+08 ~.12790E+08 -, 1E+03 -.12651E.
=.1C515E408 -.20000E+03 ~.13674E*08 -.12767E*03 -, 12099803 ~.12830E+03 —-.12455E*03 ~.11732€+08 ~. 7E+03 ~. 03E.
=.41189E+02 -, 14258E+08 -, 13167E+03 -, 14347E+03 ~,)2301E+03 -, 14090E+03 ~,12842E+08 -,152495+03 =, SE+QS -, 76E.
=.16342E+03 ~,20000E+03 ~.12682E+03 ~.13287E+03 ~,]2J007E+03 ~. 12194408 -, )2980E403 ~.1345SCE+0S ~. 0E+03 -, 73€.
= G096TE02 -, 37937E402 -, 37250E+02 ~.]3443E403 «,]13046E03 ~,)15204E+03 ~.1308B5E*0S ~.12203E+03 =,126407E+03 -. 04k~
=.12616E+08 -, 12309E+08 - ,12890E+03 -, ]2570E¢08 ~ 14161E*03 ~,)3GI4E+03 -.1271¢E+03 ~.12185E+03 ~.11728E+03 -, 97E.
=~.60700€402 ~.12705E+03 =~.14213€+03 =, 134600E°03 ~,12993E+03 ~.14066E+03 ~.12201E+03 ~.13701E+03 -, ] 54SE+03 ~. 145588
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- 42 G4E* =.11999E403 -, =, 13245€+08 -,11509E408 ~.11152E+03 - PE+03 ~-.11785E.
-.2 . -.1273%E+08 ~. ~.1C739E+03 -.)G0SBE-03 ~. 13251k +03 ~.11451E
~-.6 900E~ ~.}2513E+08 -, ~.1}886E+DS ~.11763E03 -, 32E- 03 ~.1C069E
-1 620E+ =.122064E+0S8 -, ~«11670E+03 ~-.12386E+03 ~. 11E* *08 -.12091€E
-.4 $08E+ ~.129097E+0% -, = J1848E<0S -, 144I3E0S ~. Q6E- O$4E+Q3 -.12087E~
-.e SIBE~ -.15045E+05 -, = 11706E+03 ~.J21SEE+QS ~. 15E+ 2190E+03 -.122)6E
-G 282 -.}13893E+03 -, -.J2303E+03 -, 12721E+03 ~.11267E 11483E+08 -, 8E
-.1248 177€« ~.13222E+03 -, = 11929E+0% -, [CO6E+08 -~ . 111GOE+08 ~.11696E+03 ~.11839E
-.434 783E¢ =, 1285GE+03 -, ~.11152E+03 -.11981£+08 -, 78E+08 ~.13141E+03 -. 9SE .
-.20000€« 0 . =.20000E+08 ~., ~.1362€E+03 ~. 92E+08 -. 76E+08 -, BOE+03 —~.)1239%¢E-
-.48658E¢ 648E* -.39792E+02 ~, = 12241E+03 ~.11632E-08 -, 71E+08 -, 09E+Q3 -, 1G283E
-.1 898E~ -.12165E+Q3 -, -.12377E403 -, 156408 ~.12043E¢08 ~.11925E+03 ~, 2E0
-.638 GP1Ee =.11967E+08 -, = 12809€+08 -, 12026E+08 ~.11677E+03 ~.11368E+03 - I33Q3E
-.2 721E° =-.J2458E+Q% -, -.11891E+08 ~. 70E+08 ~.116425E«03 -, 1824E+03 -, Q7E»
- 998E + =.1207%E+03 -, 1192¢E+03 -.126478E+08 -, 18E+08 ~.11634E+03 ~.13003E+08 -.12214E+
-.12 843ES =.1173SE+03 -, 12631E+08 ~.11565E+03 ~.12164E+08 -.11209€+08 ~.1)1902E+03 ~.1254SE+
-.66 16106E+ «.12124E+03 ~,)3009E+08 -, )275CE+08 «.12646E+08 ~.10884E*08 ~.11398E+03 ~. 16E*
-.20 000E* =.11036E+03 -, 10595E+08 ~,12501E408 ~-. 06E+03 -, S7E+03 -.1164¢ -.12907E+
-.46 337Ee 02 ~,11922E+03 -,11798E408 ~.]2143E+03 -.11857E+0%8 ~. 3SE+03 ~,J28J4EQS ~. #9E-
- J2197E+08 ~.11939E¢ -.13102E+08 ~ 12728E«03 ~.12285E+08 ~.12396E~03 ~.127)3E+03 -, 11881E<0D8 -, 11E+
=.46810E+02 ~.11414E¢ =.12298E403 -, 12871E+03 -.11770E¢03 =.11922€+03 ~,13776E+0% ~,1104€E~08 -, Q9Ee
~.20000E+03 ~.1]1969E¢ = 12966E+08 ~ 12061E+08 ~-.120¢8E+03 -.)1852E+08 =, 16E+08 ~.]168SE+0S -, 60E.
= 6G6T1E*02 ~.&G1660E+02 ~.12616E+05 ~,12304E+03 -, J2180E+08 ~.12865E+03 -.11S60E+03 -, S2E+03 ~.12083%E+03 ~.1322¢E¢
=, 11690E+038 -, J4113E+08 ~ 120826403 ~,13774E+08 ~,12119E¢08 ~,12653E+03 -, 11748E+08 ~.12982E+03 -~ 12828E+08 -, 99€E.
= 4GB20E02 -, 13L08E403 ~.126115403 =.11722E+03 ~.15804E+03 -, 12856E03 ~.)11707E+08 -, 97E+08 -.115¢7E+03 -.15093E
-.20000E+03 -.20000€+08 -.20000E+05 -.116S8E*08 -.11691E*03 ~.11612E+03 ~.12236E+08 -.}2549E+0QS ~. 18E+08 ~. (Y13
= 4GIBSE+02 ~ . CLI7GESD2 ~.G1287E+02 ~.41117E+02 -.]12683E«03 ~.12982E+08 ~.12¢S7E0S ~. 33E+0S ~.1138%E08 ~.129%SE
=, J1627E+08 =, 3444E+DS -, 12000E+03 ~,15601E+03 ~,12018E+03 ~.13004E+08 ~,)12591E+08 ~. 12E+08 ~. 7]E+08 -.12358E.
-.65135E202 ~.11907E¢03 =.1]87JE0S ~.1236G6E+03 ~-.15576E+08 ~.1201%E+03 ~.13736E+03 ~.110G6E+03 ~.11905E+0S ~. S1Ee
=-.20000E+08 -.12482E+08 ~.11693E+03 ~.127S0E+03 ~.1169GE+08 ~.13221E+03 ~.16002E+08 -, 71E+08 =.12963E+08 ~-. 96E.
-.65297E202 ~.42275E402 ~, 122368408 ~,12873E+08 =, 12949E<03 ~.11969E+03 =.120¢5E*03 ~.11543E+08 -, 1SE+0S -.)2708E
=.11778E+03 ~.}135205E+08 ~.13453€+03 -.)1968E+08 =, 12459 +03 ~.11871E+03 ~.]2114E*03 -, 14E£+03 ~. 6SE*DS ~,11585E+
- 45632E+02 -, 153611E°08 ~,1)706E+03 ~.13049E+08 ~.]40G7E+08 ~.12602E+03 ~,]1455E403 ~.1255SE+03 ~.11936E+03 ~,12320€+
~.20000€+03 ~.20000E+03 ~.)1802E+03 ~.13566E+08 ~.12602E+03 ~,.12024E+03 ~.12890E+03 ~.126450£+08 ~,12096E+03 ~.12889¢E+
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APPENDIX D. SIMULATION SOFTWARE AND RESULTS

A. SIMULATION SOFTWARE

The program is listed in Figure 34.

B. SIMULATION RESULTS

Figure 35 to Figure 40 show the varions spectral plots. Table § is the summary
of the simulation results.

Table 8. SIMULATION RESULTS

Bit P,(dB) | P.,(dB) | P, (dB) | T.L.(dB) S.R. (dB)
] -26.6 -41.6 -d1.6 5.0 0.0
2 J36.6 2386 475 2.0 8.9
3 36.6 .36.7 .53 0.1 16.3
4 -36.6 -36.6 -60 0.0 23.4
5 2366 -36.6 .65 0.0 29.4
6 -36.6 -36.6 -69 0.0 324
7 -36.6 2366 .72 0.0 35.4
R -36.6 -36.6 ~74 0.0 7.4
9 -36.6 -36.6 - 0.0

10 -36.6 2366 - 0.0 :

~1
to




DEFINE WGDPS
TDOMAIN
(!**************** SET UP PARAMETER *********{*****)

“HOW MANY BIT 7 _0 to 10 BITS, PLEASE.™ ? CR
ENTER 7 STORE BIT CR

"HOKH MANY ELEMENT 2" 7 CR

"IN POHE OfF 2 te. g 2,4,8,16 ..), PLEASE." 7 CR
ENTER 7 STORE ELEM C

(*************** HELP USER TO GET FSET MMIIMIIHMAAMNKN)
"WHAT IS THE CARRIER FREQUENCY " 7?7 CR
PLEASE." ? CR

ENTER 7 STORE FCTEMP CR

FCTEMP ELEM * 125 / STORE FSETTEMP
“FSET SHCULD BE AROUND "2 FSETTEMP 7 CR
“YOU DECIDE WHAT THE FSET 1IS."7 CR
ENTER ? STORE FSET CR

{eeeenxnkk COMPUTE FC, FM AND FCPRIME 9633333}

FSET ELEM ? 125 * STORE FC
125 ELEM / STORE FM
FC FM + STORE FCPRI ME
C 7 "MHz" 7 CR
VE| —u 6 FM 7 "MH2Z" 9 CR
“FCPRIHE =" 2 FCPRIME 7 “MHz" ? CR
{FEIIEIIIEIEIE I 3 I I 3 I3 COMPUTE THE CONTEXT *****I*******)

ELEM CTX 0 LOAD

(d3xxxxxxx SET UP THE PHASE OF BASIC CARRIER 333%3)
RAMP PI FSET % » STORE A

{eeerxnxxxx SET UP THE PHASE OF MODULATION %3333k}

2 BIT POH STORE SUBELEM

“SUBELEMENT ="7 SUBELEM ? CR

ELEM SUBELEM ? STORE MDIV

SMDIV =7 MDLIV ?

2 BIT 1 - POW STORE DIVSTEP

“DIVSTEP ="7 DIVST ? CR

SUBELEN STORE LOOP

'LOOP ="7? LOOP ? CR

I 0 70 LOOP REPEAT

fMDIV 1 STORE START ?
MDIV I 1 + 0% 1 - STORE STOPP %

PI I 1 + % DIVSTEP / STORE STEPP ? CR
STOPP ELEN GE_IFTRUE GOTO PLOTT

START STOPP WI

STEPP LOAD )
GOTO PLOTT

END

DEFINE PLOTT
{Fxennnnnxxn% SUM BOTH PHASE COMPONENT 360366X%H%HX)

FULL STORE B
A B + STORE C

{6696 36363 26 5% DISPLAY ALL FOR CHECKING 3363633336 336 3 6 3 3 3¢ }

ELEM CTX 2 LDAD ?
B 7 5 HAIT A 7 5 WAIT € ? 5 WAIT

(**************** GET THE COS WAVEFQRM 336333 M%%¢)
cos ?

(xxxxxxxxx SET LOAD ATTENUATION 50 B 336363333 X)
"50" SATTENUATE

(0363006t % %% DONNLOAD TO AWS AND GO 26363XE33 23335}
ESAVELOAD: AUTO" $DOWNLOAD

END

Figure 34. Listing of simulation software
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ATTEN 10 o8

MKR 18. 424 MMz
-36. 82 dBm

/p REF @.0 dbm

10 ¢B/
| psPL_ADRS
DL 4085%
-45, @
dBm
rT) P P

i

Ty

R A8 K M. Ao,
o o

CENTER 18. 42 MHx
RES BW 38 kH=xz

#~o REF 2.2 aBm

vVBvW 190 kHz

(a) unserrodyned case

ATTEN 12 d8B

SPAN 4. 00 MH=x
SWP 20.0 msec

MKR 18. 384 MH=z
-41. 82 dBm

T

: !

3T dB/s f |
;

f

' :
b
|

|
|
L
i
!

|
{ psPL_ADRS

T
i
i
!
|
!

] ]

'!
i
[
i

oL , 492§ !
-as. 0

r
i
|
|
1
i
i
1
)
]

Bm

-

—

;
H
i
|

R S

1
!
Y

|
i
!

CENTER 18. 42 MHz
RES 8w 3@ nHz

VW 102 kwx

(b) 1-Bit serrodyne

SPAN 4. CC MH2
SwP 20. 2 meec

Figure 35.
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Spectral plots for unserrodyned and 1-bit serrodyne signals




MKR 1. 488 MHz
/p REF 2.0 ofim ATTEN 12 dB ~38. 80 dBm

19 o8/ r

!
osPl ADRS

oL 4@915
~-45. @
o9Bm !

A

: | A'
L g ﬂAA”ﬂ\[“ Ay A

IR YA NAN VIR L

CENTER 18. 42 MHz SPAN 4, 20 MHz
RES BW 30 kM2 VBW 102 kHz SWP 22. 0 meec

(a) 2-Bit serrodyne

MKR 19. 48@ MHz

"P REF 2.0 dbm ATTEN 12 dbB =38, 78 dBm
18 B/
| DSPL_ADRS
oL 4285
~-45.0 n
dB8m I
|
i
] AN
LA A LUV
VoW I LA™ AT T ST v
CENTER 19, 48 MMz SPAN 4. 20 MHz

RES 8w 30 kH=z vBvY 100 kH=z SWP 20.0 meec

(b) 3-B1t serrodyne

Figure 36. Spectral plots for 2-bit and 3-bit serrodyne signals
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MKR-180 kH=z

hp REF 0.0 dBm ATTEN 1@ dg8 -19. 1@ dBm
190 d8/.
DSPU ADRS 1
oL 499
-4S. @
dBm :
L |

»“!JJ M%-. s

W

CENTER 18. 4 MH=z

RES 6% 128 kMHz VW 30Q kiHxz

(a) unserrodyned case

SPAN S9.0 MH=z
SWP 20. 2 msac

MKR-100 hkH=x

h: REF 2.0 d8m ATTEN 1@ dB -18. 1@ oBm
1@ a8/ [ ’
)
1 |
DSP ADRS
-45. 2
aBm

CENTER 8. 4 MMz

RES BY 100 kM= VBW 322 Mz

(b) 4-Bit serrodyne

SPAN 50. 8 MHz
SWP 20.28 meseac

Figure 37.

Spectral plots for unserrodyned and 4-bit serrodyne signais:

The fre-

quency span used here is 50 M1z instead of 4 Mllz as in Figure 35

on page 74.
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[(l

MKR-10Q KM=z

hp REF_®.@ dom ATTEN 10 o8 -18. 18 dBm
1@ a8/
DSP ADRS

ou 428
-4s. 8 _

o<8m T

Al
WBWWII RNIR W VI

CENTER 19. 4 MHz

RES BW 100 kHz

VBW 380 kHx

(a) 5-Bit serrodyne

ATTEN 10 dB

SPAN S8.0 MMz
SWP 20. 9 meec

MKR-133 kH=z
-18. 20 dBm

IP REF 0.0 dBm

12 dn/
DsSP ADRS
o | 4eS
-45.0
dBm 1
P W . s A, . oty

CENTER 19. 4 MHz

RES BV 180 kM=

vew 308 wH=z

(b) 6-Bit serrodyne

SPAN S0. @ MHz
SwWP 209.2 meec

Figure 38.

Spectral plots for 5-bit and 6-bit serrodyne signals
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MKR-10@ kHz

Ao REF__ 2.2 dBm ATTEN 1@ <B -18.10 dBm
10 d8/
+8.
DSPIM ADRS
oL PCEE
-45.92
odBm 1
i
|
1
PPN .-M._.—JLMM— ” LW A AP
~ ety s .
CENTER 18,4 MHz SPAN S0.2 MHz
RES BW 122 kHz VEW 380 kHz SWP 20.0 meec
(a) 7-Bit serrodyne
MKR~108 kHz
Ao REF_@.0 dBm ATTEN 3@ dB =19.18 dBm
12 o8/ l ' ‘
i
'3 ]
: |
osP ADRS !
oL 429
-4s. 0@
«Bm ]
lj
P M Ab. . J LA_.M sbsd WAL N~ A
CENTER 18. 4 MHz SPAN S2.8 MHz
RES BW 100 WHz VBW 300 kHx SWP 22.0 meec

(b) 8-Bit serrodyne

Figure 39. Spectral plots for 7-bit and 8-bit serrodyne signals
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MKR~100 kH=z

/p REF 9.0 dBm ATTEN 18 dob -19. 18 dBm
e ab/
DSPH#li ADRS
-45. 0
oBm
A st Aoy I Ll g LAA..AAMA_‘A;IA
CENTER 18, 4 MHx SPAN S2. 0 MMz
RES BY 108 kMz VBW 300 kMxz SWP 20.9 meac

(a) 9-Bit serrodyne

MKR-102 kM=

/-p REF 0.2 dBm ATTEN 12 dBb -16. 1@ dBm
1@ g8/ '
P
DSP ADRS
oL 408
-45. 0
oBm
Ll T Whe Pl | \ggrompbdrrAuprs Pt poareh\ o, w-{
CENTER 1.4 MHz SPAN S0. 0 MMx
RES BW 1090 KM=z veY 382 kHz SWP 20. 28 weaco

{b) 10-Bit serrodyne

Figure 40.  Spectral plots for 9-bit and 10-bit serrodyne signals: The difference
between the noise floor and the peak carrier power is only about 50 dB
in our case. Therefore , the S.R. cannot be measured for B> 9 bits.
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APPENDIX E. LABORATORY MEASURED DATA

A. PIN DESCRIPTION AND CONTROL CIRCUIT FOR THE DEVICE

The pin description of the DPS is as shown in Table 9 and the control circuit is
shown in Figure 41. With this control circuit, the bit control is tabulated in Table 10.
The input frequency of the clock will always be 64 s f; (since 26 = 64) to give the trans-
lation frequency of f;.

Table 9. PIN DESCRIPTION OF THE DPS

Pin number Description
1 5.6 (LSB)

2 11.25°

3 22.50

4 450

3 907

6 1802 (MSB)
7 + 5 Volts

8 -3 Volts

9 Ground
Note : The control signals for pin 1 to 6 are active low.




! 6-817
COuNTER
. R

‘:n:zlm" Teny ' i3

) . - r ar, -
wy

ALY ] '3

fnsy :
.

i,
[N "t N e gy,
LLIUV Y I L o
—
— tomwecon 1o
! Dictsy
PHase SHifTen

” LU T TR LRI RIT) CONYROL C IRCUIT FOR
"o ree v DIGITAL PHASE SHIFTER

Figure 4), Control circui for the digital phase shifter

Table 10, CONTROL OF BITS

Number of bjs Control of bits
o “Tploved  "B6] B3] Bal 53] 53 BJ]
[EEJTETE 5
5 EIEJETEJE]D
6./, 4 EJE|EE DD
3 EIE[E]D|D]D
2 lEJED DTS
1 EIDID[D[D]D
E:Enabled
D:Disabled
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B. LABORATORY DATA FOR STATIC CHARACTERISTICS

The insertion loss and phase shift were recorded (Table 11).

Table 11. S-PARAMETER MEASUREMENT: S, for f, = 10.25 GHz.

State Deg a1 AAng . State Deg 22 Adng
dB Ang dB Ang
1nn 0 8.75 524 0 . 011111 180 7.95 -124.8 182.8
111110 5.625 8.47 59.3 6.9 . 011110 185.625 7.69 -119.6 188.0
111101 11.25 8.55 65.6 13.) . 011101 191.25 7.77 -112.8 194.8
111100 16.875 8.35 71.1 18.7 . 011100 196.875 7.50 -107.4 200.2
111051 22.5 8.55 72.1 19.7 . 011011 202.5 7.79 -106.2 2014
111010 28.125 8.34 76.5 241 . 011010 208.125 7.47 -100.7 206.9
111001 33.75 8.45 83.2 31.8 . 011001 213.75 7.65 -94.0 213.6
111000 39.375 820 89.7 37.3 . 011000 219.375 7.35 -88.4 219.2
110111 45 8.90 99.6 47.2 . 010111] 225 8.05 -79.7 2279
110130 50.625 8.40 104.1 51.7 . 010110 230.625 7.55 -74.7 2329
110101 56.25 8.67 112.6 60.2 o 010101 236.25 7.80 -67.1 240.5
110100 61.876 817 117.2 64.8 . 010100 241.875 7.30 -62.2 2454
110011 67.5 8.70 116.8 644 . 010011 247.5 7.75 -61.3 246.3
110610 73.125 8.20 1219 69.5 . 010010 253.125 7.28 -56.0 2316
110001 RIS 8.55 138.6 86.2 . 010001 258.75 7.60 -85 259.1
110000 84.375 8.05 1353 82.9 . 010000 264.375 7.15 -43.3 264.3
1011141 90 7.98 138.6 862 o 001111 270 7.22 -38.2 2694
1eitie 93.A25 7.55 133.8 934 . 001110 275.625 6.85 -31.9 2755
101101 101.253 7.87 151.6 99.2 . 001101 281.25 7.15 -26.0 2816
101199 106,873 7.45 157.9 105.5 . 001100 286.875 6.80 -19.9 2877
HOIN 112.5 7.90 160.0 107.6 . 001011 292.5 7.30 -17.2 290.4
101010 118125 7.55 166.5 1141 . 001010 298.125 .00 -11.1 296.5
10100] 12278 7.8 172.9 120.5 . 001001 303.75 7.25 -5 302.2
101000 129.378 7.50 1793 126.9 . 001000 309.375 6.95 0.5 308.2
100111 138 7.65 -177.3 130.3 . 000y} 315 6.90 6.1 313.7
100110 130,625 7.25 -171.2 1364 . 000110 320625 6.55 11.7 319.3
100101 145,25 7.60 -164.3 143.3 . 000101 326.25 6.95 18.2 325.8
100100 151.875 7.20 -158.1 149.5 . 000100 331.875 6.55 239 3315
100611 157.5 .60 -154.4 153.2 . 000011 337.8 7.12 282 3359
100010 163,123 725 -1489 1587 . o0nnin 343.125 6.74 336 3412
100001 168,75 7.8 -141.9 165.7 . 000001 33875 712 39.9 337.5
10agenn 174,378 c.0 21354 1742 . 000000 354,378 6.72 453 3529




C. LABORATORY DATA FOR SERRODYNING EFFECT

a. Basic Characteristics of Serrodyning Effect

Based on the parameters given, a base set has been chosen for comparison
purpose. It comprises the following parameters :

e Number Bofofbits = 1,2,3,4,5and 6
¢ Carrier frequency, f, = 10.25 GHz (mid-frequency of the operating range)
® Input power, P, = -10 dBm (measured at the output of the signal generator)

¢ Translation frequency, f; = +10 kHz

The spectral plots for the measurements for 1-bit to 6-bit are shown in
Figure 42 to Figure 44. The unserrodyvned spectrum has been obtained by re-
setting all the control bits to inactive states (i.e., "1's in this case). Table 12 re-
cords the summary of the experimental data. From Table 12, it is also observed
that T.L. is negative for the 3-, 4-, 5- and 6-Bit cases.

Table 12, EFFECT OF NUMBER OF BIT ON T.L. AND S.R.

[, iGHz) | P, @Bm) | f; (k) | Bu (dﬁ"m) (’;-[3\;1!) (dg’m ) (s‘gg\) T.L.(dB) | S.R. (dB)

. 1 -17.40 | -20.80 | -20.80 | -30.20 3.40 0.00
2 | 1740 | 2670 | -17.60 | -31.70 0.20 9.10

3 1740 | -32.20 | -16.70 | -36.60 20.70 15.50

10.25 -10 -10 4 | -17.40 | -36.90 | -16.60 | <3.00 .0.80 20.30

5 | 1746 | -37.30 | -16.10 | <41.00 41,30 21.20

6 | -17.40 | -39.50 | -1600 | -38.10 | -1.40 22.10

* == or any other upper harmonic component with amphtude higher than Py_,
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Figure 42.  Spectral plots for 1-bit and 2-bit serrvdyne operation: The top and
bottom traces are the spectrums of the serrodyne and unserrodyned
signals respectively. The unserrodyned spectrum is obtained by reset-
ting all the control bits to inactive states (i.e., "1's in this case). The
frequency span is doubled from (a) to (b) so that each spectrum can
contain at least four undesired side frequencies.
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ting all the control bits to inactive states (i.e., 'I's in this case). The
frequency span is doubled from (a) to (b) so that each spectrum can
contain at least four undesired side frequencies.
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Spectral plots for 5-bit and 6-bit serrodyne operation:
bottom traces are the spectrums of the serrodvne and unserrodyned
signals respectively. The unserrodyned spectrum is obtained by reset-
ting all the control bits to inactive states (i.e., 'I's in this case). The
frequency span is doubled from (a) to (b) so that each spectrum can

contain at least four undesired side frequencies.
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b. Others

The following data have been recorded:

Eflect of down-translation frequency on T.L. and S.R. (Table 13)
Effect of translation frequency on T.L. and S.R. (Table 14 and Table 15)
Effect of carrier frequency on T.L. and S.R. (Table 16)

Effect of carrier input power on T.L. and S.R. (Table 17)

Table 13. EFFECT OF DOWN-TRANSLATION FREQUENCY ON T.L. AND S.R.

. ; Pn P_,-\'_l P—l P.’.V—l
fn(GH2) | P, {dBm) | fr (kHz2) Bit (Bm) | (dBm) | (dBm) | (dBm) T.L. (dB) S.R. (dB)
1 -17.40 | -30.20 | -20.80 | -20.80 3.40 0.00
2 -17.40 | -31.60 | -17.60 | -26.80 0.20 9.20
3 -17.40 | -36.80 | -16.90 | -32.80 -0.50 15.90
10.23 10 10 4 | 1730 | 4300 | -16.0 | 3710 | -0.70 20.40
S -17.40 | -44.50 | -16.20 | -38.10 -1.20 21.90
6 -17.40 | 40.70 | -16.10 | -38.60 -0.80 22.50
* == or any other upper harmonic component with amplitude higher than Py._,




Table 14. EFFECT OF TRANSLATION FREQUENCY ON T.L. AND S.R. (1- TO

3-BIT
fn(GHz) | P, (dBm) Bit (k{qz) ( dg«;n) (};'!‘3\5’ ( dg’m) (gg;‘;) T.L.(dB) | S.R.(dB)
10.25 0 1 0.5 | -17.40 | 2090 | -20.90 | -30.30 35 0.00
10.25 10 1 T | -17.40 | -2090 | 2090 | -30.30 35 0.00
10.25 10 1 2 | -17.40 | 2060 | -20.60 | -30.00 3.20 0.00
10.25 210 1 4 | 1720 | -20.80 | -20.80 | -30.10 3.60 0.00
10.25 210 1 6 | 1740 | 2070 | -20.70 | -30.10 3.30 0.00
1025 210 1 § | -1740 | -20.70 | -20.70 | -30.10 3.30 0.00
10.25 10 1 10 | -17.40 | -20.80 | -20.80 | -30.20 3.40 0.00
10.25 10 1 20 | 1740 | 2070 | -20.70 | -30.20 3.30 0.00
10.25 10 1 a0 | 1740 | -2080 | -20.80 | -30.30 3.40 0.00
10.25 10 ] 80 | -1740 | -20.70 | -20.70 | -30.40 3.30 0.00
10.25 10 1 160 | -17.40 | 2100 | -21.00 | -32.20 3.60 0.00
10.25 10 2 0.5 | 1740 | -27.20 | -17.60 | -31.50 0.20 9.60
10.25 10 2 1 | 1740 | 2710 | <1760 | -31.50 0.20 9.50
10.25 210 2 2 | -17.20 | 2680 | -17.40 | -31.20 0.20 9.40
10.25 10 2 4 | 1720 | 2660 | -17.40 | -31.20 0.20 9.20
10.23 10 2 6 | -17.40 | -26.70 | -17.50 | -31.40 0.10 9.20
10.25 10 z § | 1740 | 2630 | -17.20 | -31.20 | -0.20 3.10
10.25 10 2 10 | -17.40 | -26.70 | -17.60 | -31.70 0.20 9.10
10.25 10 2 M | -17.40 | -2640 | -17.60 | -31.90 0.20 3.80
10.23 10 2 40 | 1730 | -25.90 | -17.60 | -32.90 0.20 8.30
10.25 10 2 80 | 1740 | -2560 | -18.00 | -35.10 0.50 7.60
10.25 10 2 Ted | 1740 | -25.50 | -19.00 | -32.60 1.60 6.50
10.25 10 3 0.5 | -17.40 | -33.60 | -1690 | -35.90 |  -0.50 16.70
10.25 10 3 1| -1740 | -33.30 | -16.80 | -35.60 | _ -0.60 16.50
10.25 10 3 2 | -17.20 | -33.20 | -16.70 | -3580 | _ -0.50 16.50
10.25 10 3 4 | 1720 | -32.90 | <1670 | -36.00 | -0.50 16.20
1025 KT 3 6 | -17.40 | 32.20 | -16.40 | -35.70 | _ -1.00 15.80
10.25 10 3 8 | <1740 | 3240 | 1660 | -36.10 | -0.80 15.80
10.25 10 3 10 | -17.40 | -32.20 | -16.70 | -36.60 | _ -0.70 15.50
1G.25 0 3 20 | 1740 | 3170 | 1700 | -38.40 | -0.40 12.70
10.25 0 3 40 | -17.20 | 3000 | 1720 | -3870 | -020 12.50
10.25 10 3 80 | -17.40 | 2890 | -17.80 | -33.60 0.40 11.10
10.25 10 3 160 | 1740 | 2930 | -19.30 | -31.20 150 10.00

» or any other upper harmonic component with amplitude higher than Py_,




Table 15. EFFECT OF TRANSLATION FREQUENCY ON T.L. AND S.R. (4- TO

6-BIT) ,
.
£, (GH2) | P, (éBm) Bit (kf}qz) (dgﬂm) (’(}é;l) (dglm) (Zg;;‘) T.L.(dB) | S.R.(dB)
10.2¢ -10 3 0.2 -17.40 -39.90 -16.70 -41.30 -0.°0 23.20
1n.2s -10 4 1 -17.30 -39.70 -16.60 -4]1.40 -0.80 23.10
10.25 -10 4 2 -§7.20 -38.90 -16.20 46.10 -1.06 22.70
10.2¢8 -10 4 4 -17.20 -37.50 -16.00 -41.00 -1.20 21.50
10.2% -10 4 6 217,30 -3°.60 -16.30 «41.70 -1.10 21.30
10.2¢ -10 4 8 -17.40 -37.00 -16.40 42.40 -1.00 21.20
10.28 -10 4 10 -17.40 -36.90 -16.60 -43.00 -0.80 20.30
10.28 -10 4 20 -17.40 -34.40 -16.580 -41.40 -0.90 17.90
10.2f -10 4 49 -17.80 -33.00 -17.20 35,70 -0.20 1580
10.23 <10 4 80 <1740 -32.10 -17.90 -31.90 0.50 14.00
1028 -10 3 160 -17.40 -27.90 -19.30 -30.30 1.90 8.60
10.28 -10 £ 0.5 -1°.40 3570 -16.50 -45.60 -0.96 20.20
10.28 -10 £ 1 -17.49 -44.60 +16.10 46.60 -1.39 28.50
10.2¢ -10 5 2 -17.20 -41.90 -1£.70 -46.10 -1.50 26.20
10.2% -10 s 4 -17.20 -41.70 -16.10 4720 -1.10 25.60
10.25 .10 s 6 -17.40 -38.20 -18.70 -44.00 -1.70 2250
10,28 .10 £ 8 -17.40 -3°.80 -15.80 -32.50 -1.60 22.00
10.23 -0 § 10 -17.40 -3°.30 <16.10 -41.00 -1.30 21.20
n2s -15 s 20 -17.80 -36.30 «16.60 -39 -(.80 18.°0
10.25 -9 £ 30 -17.40 -38.50 -17.40 32.90 0.00 15.50
159.28 210 s 3U <1740 -31.40 -18.00 31.2¢ 0.60 13.20
16.2%F -10 N 160 -17.49 <28.10 -19.00 a1 1.60 910
n.z2s -1n 6 0.5 <1740 2060 -16.00 <L1.80 -1.40 34.60
10.2% -10 6 1 -17.40 «13.30 -15.80 -51.10 -1.60 33.50
10.2¢ -10 6 2 -1%.20 45,60 -15.60 -48.40 -1.60 30.00
10,23 -10 6 4 -1°.20 40,0 -15.40 -43.40 -1.80 28,30
10.28 -10 [ 6 -17.40 «30.30 -15.60 41.70 -1.20 2470
.25 -1 6 8 -1".4an0 -40.00 -15.80 40.40 -1.60 24.20
n.2s -10 6 10 <1740 -39.5%0 -16.00 -38.10 «1.40 2210
10.28 -10 6 20 -17.40 -39.00 -16.5¢ -38.0% -0.90 18.50
1°.2¢ <10 [ an -17.40 -34.40 -1%.10 -32.10 -0.30 1800
10.28 -10 6 80 «17.30 -31.20 -17.20 -31.60 0.10 13.70
10.285 -19 11 160 -1°.40 -27.°0 -13.60 -30.°0 1.20 9.10

* = = > or any other upper harmonic component with amplitude higher than Px-_y
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Table 16. EFFECT OF CARRIER FREQUENCY ON T.L. AND S.R.

P, (dBm) | fr (kHz) Bit (Gf’ﬁz) ( dggn) &-@;;11) (dg'm) (‘:g;&) T.L.(dB) | S.R. (dB)
9.5 | -16.50 | -2000 | -20.00 | -25.40 3.50 0.00
100 | 1690 | -2030 | -20.30 | -29.70 3.40 0.00
-10 10 i 1025 | -17.40 | -20.80 | -20.80 | -30.20 3.40 0.00
105 | 1710 | 2050 | -20.50 | 2990 3.40 0.00
110 | -18.20 | -21.30 | -21.30 | -30.70 3.10 0.00
95 | -16.50 | -25.70 | -16.70 | -30.80 0.20 9.00
100 | -1690 | -25.80 | -16.90 | -30.90 0.00 8.90
.10 10 2 1025 | 1740 | -26.70 | -17.60 | -31.70 0.20 5.10
105 | 1710 | 2670 | -17.70 | -31.70 0.60 9.00
1.0 | -1820 | -27.40 | -18.80 | -32.90 0.60 £.60
95 | -16.50 | -31.50 | -16.00 | -36.00 |  -0.50 15.50
100 | -1690 | -31.70 | -16.20 | -36.20 | _-0.70 15.50
.10 10 3 1025 | -17.40 | -32.20 | -16.70 | -36.60 | -0.70 15.50
105 ] -17.10 | 3260 | -17.10 | -37.00 0.00 15.50
110 | -18.20 | -3320 | -18.10 | -3810 |  -0.10 15.10
9.5 | 1650 | 3390 | -1540 | 41.00 | -1.10 19.50
100G | -16.50 | -33.90 | -15.60 | 41.40 | -1.20 19.30
-10 10 4 10.25 | 1740 | -36.50 | -16.60 | -43.00 | -0.80 20.30
10.5 | -17.10 | -35.50 | -16.50 | 42.00 | _ -0.60 19.00
110 | -18.20 | -38.10 | -18.20 | -22.00 0.00 19.90
G5 | 1650 | -37.90 | -15.60 | 4320 | 0.0 22.30
100 | -1690 | -3740 | -1560 | %080 | -1.30 2180
.10 10 5 1025 | 1740 | -37.30 | -16.00 | 41.00 | -1.30 21.20
105 | -17.10 | -3830 | -1660 | 4170 |  -0.50 21.70
11.0 -18.20 -40.40 -18.10 -311.80 -0.10 22.30
9.5 | 1650 | 4030 | -1540 | 3890 | -1.10 25.00
100 | -1690 | -39.70 | -1540 | -39.30 | -1.40 24.30
-10 10 6 10.25 | -17.40 | -39.50 | -16.00 | -38.10 |  -1.40 22.10
105 | -17.10 | 4040 | -1640 | -39.20 | -0.70 22.80
1.0 | -16.20 | -41.10 | -1740 | -39.20 | -0.80 21.50

>

= = > or any other upper harmonic component with amplitude higher than Py._;
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Table 17. EFFECT OF CARRIER INPUT POWER ON T.L. AND S.R.

) fnGH2) | fr (kH2) Bit (d'g%) (dﬁ"m) 6"355 (dglm) (ﬁg;;,) T.L.(@B) | S.R.(dB)
-40 -47.10 | -50.40 | -50.40 | -59.70 3.30 0.00
-30 -36.70 -40.10 -40.10 -49.60 3.40 0.00
. 10.25 10 1 -20 -26.80 | -30.10 | -30.10 | -39.70 3.30 0.00
-10 -17.40 -20.80 -20.80 -30.20 3.40 0.00
0 -1.30 -10.60 | -10.60 | -20.20 3.30 0.00
-30 -47.10 ] -56.30 | -47.40 | -61.10 0.30 8.90
-30 -36.70 -36.10 -37.00 -51.00 0.30 9.10
10.25 10 2 -20 -26.80 | -36.20 | -27.00 | -41.20 0.50 9.20
-10 -17.40 | -26.70 | -17.60 | -31.70 0.20 9.10
Q -7.30 -16.70 -7.50 -21.70 0.20 9.20
-40 47.10 -61.30 -46.50 -64.90 -0.6 14.80
-30 -35.70 -51.50 -36.20 -55.80 -0.50 15.30

10.25 10 3 -20 -26.80 | 41.70 | -26.30 | -46.20 -0.50 1540 -
-10 -17.40 | -32.20 | -16.70 | -36.60 -0.70 15.50
0 -7.30 -22.20 -6.70 -26.80 -0.70 15.50
| -40 -47.10 | -6540 | -46.50 | -70.00 -0.60 18.90
‘ -30 -36.70 | -36.10 | -36.10 | -61.90 -0.60 20.00
i 10.25 10 4 -20 -26.80 -46.40 -26.20 -52.30 -0.60 20.20
| -10 -17.40 | -36.90 | -16.60 | -43.00 -0.80 20.30
E 0 -7.30 -26.80 -6.60 -33.10 -0.70 20.20
‘ -30 4710 -63.40 -45.80 -67.40 -1.30 16.60
‘f p -30 -36.70 -56.30 -35.50 -60.4 -1.20 20.80
[ * 10.25 10 5 -20 -26.80 | -4690 | -25.60 | -50.80 -1.20 21.20
-10 -17.40 -37.30 -16.10 -11.00 -1.30 21.20
- 0 -7.30 -27.40 -6.00 -31.30 -1.30 21.40
-10 -47.10 -66.30 -45.70 -65.90 -1.40 20.20
-30 -36.70 -58.50 -35.40 -57.40 -1.30 22.C0
10.25 10 6 -20 -26.80 | -49.40 | -25.50 | -48.30 -1.30 22.80
-10 -17.40 ] -39.50 | -16.00 | -38.10 -1.40 22.10
0 -7.30 -29.30 -5.80 -27.90 -1.50 22.10

* = = > or any other upper harmonic component with amplitude higher than Py,
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